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Results for a hovering rotor demonstrated that t h e  models used are capable of 
reproducing both classical and stall f lutter. The min imum rotor speed for t he  
occurrence of stall f lu t ter  in hover was found to be determined from coupling between 
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oscil lations wh ich  commonly l imi t  aircraft forward speed appear to be the  response 
to  rapid changes in aerodynamic moment which accompany stall and unstall, rather 
than the  resul t  of an aeroelastic instability. The severity of stall-related instabil it ies 
and response was found to depend to some extent on l inear stability. 
l inear stability lessens the susceptibility to stall f lu t ter  and reduces the  magnitude 
of t he  torsional response to  stall and unstall. 
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SUMMARY 
A s tudy  of  r o t o r  blade a e r o e l a s t i c  s t a b i l i t y  was 
c a r r i e d  o u t ,  u s i n g  an a n a l y t i c  model of  a two-dimensional 
a i r f o i l  undergoing dynamic s t a l l  and an  e las tomechanica l  
r e p r e s e n t a t i o n  i n c l u d i n g  f lapping ,  f lapwise bending and 
t o r s i o n a l  degrees  o f  freedom. R e s u l t s  f o r  a hover ing  r o t o r  
demonstrated t h a t  t h e  models used are capable  of  reproducing  
both  c l a s s i c a l  and s t a l l  f l u t t e r .  The minimum r o t o r  speed 
f o r  t h e  occurrence  of s t a l l  f l u t t e r  i n  hover was found t o  
be determined from coupl ing  between t o r s i o n  and f l a p p i n g .  
I n s t a b i l i t i e s  analogous t o  both c lass ica l  and s t a l l  f l u t t e r  
were found t o  occur  i n  forward f l i g h t .  However, the  large 
s ta l l - re la ted  t o r s i o n a l  o s c i l l a t i o n s  which commonly l i m i t  
a i r c r a f t  forward speed appear t o  be t h e  response  t o  r ap id  
changes i n  aerodynamic moment which accompany s t a l l  and 
u n s t a l l ,  r a ther  than  t h e  result  o f  a n  a e r o e l a s t i c  i n s t a b i l -  
i t y .  The s e v e r i t y  of s t a l l - r e l a t e d  i n s t a b i l i t i e s  and r e -  
sponse was found t o  depend t o  some e x t e n t  on l i n e a r  s t ab i l -  
i t y .  I n c r e a s i n g  l i n e a r  s t a b i l i t y  l e s s e n s  the  s u s c e p t i b i l i t y  
t o  s t a l l  f l u t t e r  and reduces  the  magnitude of  the t o r s i o n a l  
response  t o  s t a l l  and u n s t a l l .  
INTRODUCTION 
A e r o e l a s t i c  s t a b i l i t y  o f  a h e l i c o p t e r  r o t o r  blade i s  
a m u l t i f a c e t e d  problem because o f  t h e  extreme v a r i a t i o n s  of  
t h e  aerodynamic environment wi th in  t h e  f l i g h t  envelope o f  
t h e  a i r c r a f t .  I n  hove r ing  f l i g h t ,  a b l a d e  can undergo 
c l a s s i c a l  b i n a r y  f l u t t e r  (Ref. 1) o r  s t a l l  f l u t t e r  (Ref ,  2 ) .  
I n  forward f l i g h t ,  t he  l i n e a r  I n s t a b i l i t y  exper ienced  by 
systems wi th  p e r i o d i c a l l y  vary ing  parameters can occur  
( R e f ,  3 ) .  While these types  o f  i n s t a b i l i t y  a re  n o t  normal ly  
encountered  w i t h  b l a d e s  of  c u r r e n t  d e s i g n ,  due t o  t h e  r e l a -  
t i v e l y  low d i s c  l o a d i n g  and weak coup l ing  o f  t r a n s l a t i o n a l  
and r o t a t i o n a l  degrees o f  freedom, t h e y  are c e r t a i n l y  n o t  
prec luded  from new designs,  p a r t i c u l a r l y  t h o s e  in t ended  t o  
ex tend  p r e s e n t  performance c a p a b i l i t i e s .  O f  immediate 
concern,  however, i n  both design and o p e r a t i o n ,  is t h e  
occur rence  o f  la rge-ampl i tude  t o r s i o n a l  o s c i l l a t i o n s  and 
e x c e s s i v e  c o n t r o l - l i n k a g e  loads  a s s o c i a t e d  w i t h  blade s t a l l  
on t h e  r e t r e a t i n g  s i d e  o f  t h e  r o t o r  d i s c  a t  h igh  forward 
speed o r  g r o s s  weight, e f f e c t i v e l y  l i m i t i n g  a i r c r a f t  per- 
formance. T h i s  problem has prompted a number o f  r e c e n t  
s t u d i e s  o f  dynamic s t a l l  and t h e  e f f e c t s  o f  s t a l l  on blade 
dynamics (Refs. 4-8) .  
While s t a l l  has been i d e n t i f i e d  as a c a u s a l  element o f  
t h e  problem, t h e  n o n l i n e a r i t y  of the  s t a l l  p rocess ,  coupled 
w i t h  t h e  uns t eady  aerodynamic environment, has prec luded  an  
a n a l y s i s  t o  t h e  dep th  r e q u i r e d  t o  g a i n  a thorough under-  
s t a n d i n g  of  the mechanisms invol.ved. I n  p a r t i c u l a r ,  i t  has 
n o t  been c lear  whether the  b lade  undergoes a t r u e  a e r o -  
e l a s t i c  i n s t a b i l i t y ,  a simple fo rced  response ,  o r  some 
hybrid phenomenon which takes on t h e  character  o f  one o r  
t h e  o t h e r  extreme,  depending on f l i g h t  c o n d i t i o n s  and blade 
v i b r a t i o n a l  c h a r a c t e r i s t i c s .  
S t a l l  f l u t t e r  f o r  a x i a l  f l i g h t  is amenable t o  a n a l y s i s  
by e m p i r i c a l  methods similar t o  t h o s e  developed f o r  ana lyz -  
i n g  s t a l l  f l u t t e r  i n  cascades (Ref. 9 ) .  The f l u t t e r  
mechanism f o r  tha t  case has been i d e n t i f i e d  as d e r i v i n g  
from t h e  e x t r a c t i o n  o f  energy  from t h e  f ree  stream by the 
p e r i o d i c  v a r i a t i o n  of  t h e  aerodynamic moment. Analogous 
methods appl ied  t o  t h e  f o r w a r d - f l i g h t  problem (Refs.  10 
and 11) have been inconc lus ive ,  however, t h e  primary d i f f i -  
c u l t y  p o s s i b l y  b e i n g  i n  apply ing  empir ica l  methods wi thout  
a c l e a r  d e f i n i t i o n  of t h e  under ly ing  mechanism o f  t h e  problem. 
A method was r e c e n t l y  developed f o r  a n a l y z i n g  dynamic 
s t a l l  o f  a n  a i r f o i l  undergoing a r b i t r a r y  p i t c h i n g  and 
p lung ing  motions which provides  a n  idea l  t o o l  f o r  a n a l y z i n g  
t h e  s t a l l  problem i n  forward f l i g h t .  The method, which is 
descr ibed  i n  d e t a i l  i n  R e f ,  7, employs models f o r  each o f  
3 
t he  bas i c  flow elements  c o n t r i b u t i n g  t o  t h e  uns teady  s t a l l  
o f  a two-dimensional a i r f o i l .  C a l c u l a t i o n s  of t h e  load ing  
du r ing  t r a n s i e n t  and s i n u s o i d a l  p i t c h i n g  motions a r e  i n  
good q u a l i t a t i v e  agreement wi th  measured l o a d s .  
overshoot ,  o r  l i f t  i n  excess  o f  t h e  maximum s t a t i c  va lue ,  
as  wel l  a s  u n s t a b l e  moment v a r i a t i o n ,  a re  i n  c l e a r  evidence 
i n  the  computed r e s u l t s .  
Dynamic 
T h i s  s t u d y  was d i r e c t e d  t o  a n a l y z i n g  t h e  a e r o e l a s t i c  
s t a b i l i t y  of  a h e l i c o p t e r  r o t o r ,  p a r t i c u l a r l y  a s  i t  r e l a t e s  
t o  s t a l l ,  u s i n g  t h e  method o f  R e f .  7 t o  compute aerodynamic 
load ing .  The r e p r e s e n t a t i o n  o f  t h e  e l a s tomechan ica l  system 
inc ludes  f l a p p i n g  and f l a p w i s e  bending degrees o f  freedom 
a s  wel l  a s  t o r s i o n .  A l i s t i n g  o f  t h e  computer program used 
t o  perform t h e  c a l c u l a t i o n s  i s  g iven  i n  Appendix A .  
SYMBOLS 
b blade semichord, m 
c1 
c/4 
C 
'e 
hi 
IO 
ki 
k0 
1 
Mb 
m 
c/4 
mean l i f t  c o e f f i c i e n t ,  r a t i o  o f  t i m e  average  
o f  1 t o  p a 2  R2 b 
l i f t  c o e f f i c i e n t ,  C 1  
moment c o e f f i c i e n t  r e f e  red t o  qua r t e rchord ,  
= C1 /( p U2 b )  
= mc/4/(2 P U  2 5  b ) 
cm c/4 
b lade  chord, m 
mode shape o f  f i rs t  uncoupled t o r s i o n a l  mode, 
u n i t  t i p  d e f l e c t i o n  
. 
mode shape of  f i r s t  uncoupled flapwise 
bending mode, u n i t  t i p  d e f l e c t i o n  
t i p  d e f l e c t i o n  due t o  f l a p p i n g ,  semichords 
t i p  d e f l e c t i o n  due t o  bending, semichords 
t r a n s l a t i o n a l  coord ina te s  of  2 - D  system 
( i  = 1, 2 ) ,  semichords 
moment o f  i n e r t i a  o f  2 -D system about  p i t c h  
a x i s ,  kg - m 
b lade  moment of i n e r t i a  about  e l a s t i c  a x i s  
per u n i t  span, kg - m 
t r a n s l a t i o n a l  s p r i n g  s t i f f n e s s e s  o f  2-D 
system ( i  = 1, 2 ) ,  N/m2 
t o r s i o n a l  s p r i n g  s t i f f n e s s  o f  2 - D  system, N/rad 
l i f t  per u n i t  span a t  aerodynamic r e f e r e n c e  
r a d i u s ,  N/m 
o f f s e t s  o f  s p r i n  s from p i t c h  a x i s  of' 2-D 
system ( i  = 1, 2 
t o t a l  blade mass, kg 
blade mass per u n i t  span, kg/m 
aerodynamic moment per u n i t  span a t  aerodynamic 
r e f e r e n c e  r a d i u s ,  N 
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c1 
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masses o f  2 - D  system, kg/m 
r o t o r  r a d i u s ,  m 
i n n e r  r a d i u s  o f  b l ade  l i f t i n g  s u r f a c e ,  m 
aerodynamic r e f e r e n c e  r a d i u s ,  m 
i n s t a n t a n e o u s  free-stream speed a t  aerodynamic 
r e f e r e n c e  s e c t i o n ,  m/sec 
r e f e r e n c e  speed,  Uo = !2 
d i s t a n c e  a f t  o f  e l a s t i c  a x i s  of blade 
s e c t i o n  mass c e n t e r ,  m 
rRJ m/sec 
d i s t a n c e  a f t  o f  p i t c h  a x i s  of mass cen te r  
o f  m l J  m 
g e n e r a l i z e d  c o o r d i n a t e  o f  2-D system, e q u i v a l e n t  
t o  hp  , semichords 
g e n e r a l i z e d  c o o r d i n a t e  o f  2 - D  system, e q u i v a l e n t  
t o  h e(, semichords 
angle o f  a t t a c k ,  deg 
f l a p p i n g  h inge  o f f s e t ,  m 
c o l l e c t i v e  p i t c h  ang le ,  deg o r  r a d  
b l a d e  t i p  t o r s i o n a l  d e f l e c t i o n ,  r a d  
a n g l e  of z e r o  r e s t r a i n t  o f  2 - D  system t o r s i o n  
s p r i n g ,  rad 
advance r a t i o ,  r a t i o  of forward speed t o  fl R 
free-stream d e n s i t y ,  kg/m3 
d imens ionless  t i m e ,  7 = Uo t / b  
b l ade  azimuth a n g l e  measured from downwind 
d i r e c t i o n ,  deg o r  rad 
r o t o r  r o t a t i o n a l  speed, rad/sec 
d imens ion le s s  r o t o r  speed,  a* = nR/(%o b )  
f l u t t e r  f requency ,  rad/sec 
0 
00 
0 
ff0 
f requency  of f irst  uncoupled, n o n r o t a t i n g  
t o r s i o n  mode, rad/sec 
f requency  of f irst  uncoupled, n o n r o t a t i n g  
f l apwise  bending mode, rad/sec 
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PROBLEM FORMULATION 
Aerodynamic Loading 
I n  t h e  f l u t t e r  a n a l y s i s ,  on ly  leading-edge s t a l l  was 
cons idered ,  so t h e  fo l lowing  r e l a t e s  s p e c i f i c a l l y  on ly  t o  
t h a t  t ype ,  even though t h e  b a s i c  method can t r e a t  t r a i l i n g -  
edge s t a l l  as wel l .  When t h e  a i r f o i l  i s  no t  s t a l l e d ,  t h e  
flow elements  r e p r e s e n t e d  are  ( see  F igure  l a ) :  (1) t h e  
laminar  boundary l a y e r  from t h e  s t a g n a t i o n  p o i n t  t o  s e p a r a -  
t i o n  near t h e  lead ing-edge ,  ( 2 )  t h e  small leading-edge 
s e p a r a t i o n  bubble;  and, ( 3 )  a p o t e n t i a l  f low, i n c l u d i n g  a 
vor tex  wake g e n e r a t e d  by t h e  v a r i a t i o n  w i t h  time of t h e  
c i r c u l a t i o n  about  t h e  a i r f o i l .  When t h e  a i r f o i l  i s  s t a l l e d ,  
as i n d i c a t e d  i n  F igu re  l b ,  t h e  flow elements  a r e :  (1) t h e  
laminar  boundary l a y e r ,  ( 2 )  a d e a d - a i r  r e g i o n  ex tend ing  
from t h e  s e p a r a t i o n  p o i n t  t o  t h e  p r e s s u r e  r ecove ry  p o i n t ;  
and, (3 )  a p o t e n t i a l  f low e x t e r n a l  t o  t h e  a i r f o i l  and 
d e a d - a i r  r eg ion ,  a g a i n  i n c l u d i n g  a v o r t e x  wake. The 
a n a l y t i c  r e p r e s e n t a t i o n s  o f  these  e lements  are  d e s c r i b e d  
b r i e f l y  below. Detai ls  are g iven  i n  R e f .  7. 
P o t e n t i a l  Flow.-Given t h e  a i r f o i l  s e c t i o n  c h a r a c t e r -  
i s t i c s  and motions,  t o g e t h e r  w i t h  t h e  d i s t r i b u t i o n  o f  
p r e s s u r e  i n  t h e  d e a d - a i r  r e g i o n  i f  t h e  a i r f o i l  i s  s t a l l e d ,  
t h e  flow and p r e s s u r e  ove r  t h e  a i r f o i l  must be determined 
t o  compute t h e  i n t e g r a t e d  load  and ana lyze  t h e  boundary 
l a y e r .  The problem was formula ted  by imposing l i n e a r i z e d  
boundary c o n d i t i o n s  o f  flow tangency and p r e s s u r e ,  u s i n g  
a p e r t u r b a t i o n  v e l o c i t y  p o t e n t i a l  d e r i v e d  from source  and 
vo r t ex  d i s t r i b u t i o n s .  The r e s u l t i n g  coupled set  o f  s i n g u l a r  
i n t e g r a l  equa t ions  i s  so lved  by c a s t i n g  t h e  s i n g u l a r i t y  
d i s t r i b u t i o n s  i n  ser ies  form and s o l v i n g  f o r  t h e  unknown 
c o e f f i c i e n t s  by imposing boundary c o n d i t i o n s  a t  p r e s c r i b e d  
p o i n t s .  
Boundary Layer.-Because t h e  r e l a t i v e  importance o f  
t h e  i n d i v i d u a l  e lements  o f  t h e  bounda.ry l a y e r  flow as t h e y  
a f f e c t  dynamic s t a l l  could  n o t  be e s t a b l i s h e d  i n  advance, 
t h e  r e p r e s e n t a t i o n  i n  R e f .  7 was made as g e n e r a l  as p o s s i b l e .  
The method o f  f i n i t e  d i f f e r e n c e s  f o r  uns t eady  f lows w i t h  
v a r i a b l e  s t e p  s i z e  i n  both  streamwise and normal d i r e c t i o n s ,  
was employed, w i t h  t h e  e r r o r  i n  each f i n i t e - d i f f e r e n c e  
approximation t h e  o r d e r  of t h e  squa re  of t h e  s t e p  s i z e .  
It was determined from p r e l i m i n a r y  c a l c u l a t i o n s  performed 
f o r  t h i s  s t u d y  t h a t ,  a t  least  f o r  lead ing-edge  s t a l l ,  
r e s u l t s  are v i r t u a l l y  u n a f f e c t e d  by assuming q u a s i - s t e a d y  
flow i n  t h e  boundary l a y e r .  That  assumption was t h e r e f o r e  
employed for a l l  f l u t t e r  computat ions,  t o  t a k e  advantage 
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of t h e  r e s u l t i n g  s u b s t a n t i a l  s a v i n g s  i n  computer s t o r a g e  
requirements  and computing t ime.  
Dead-Air Region.-The f u n c t i o n  o f  t h e  model o f  t h e  
dead-a i r  r e g i o n  i s  t o  d e f i n e  t h e  streamwise d i s t r i b u t i o n  
of p re s su re  i n  t h a t  r eg ion ,  g iven  t h e  l o c a t i o n s  of  t h e  
s e p a r a t i o n  and r ecove ry  p o i n t s  and t h e  p r e s s u r e  a t  t h e  
recovery  p o i n t .  The dead-air  r e g i o n  i s  assumed t o  c o n s i s t  
o f  a laminar  c o n s t a n t - p r e s s u r e  f r ee  shear l a y e r  from sepa-  
r a t i o n  t o  t r a n s i t i o n ,  a t u r b u l e n t  c o n s t a n t - p r e s s u r e  mixing 
r e g i o n ,  and a t u r b u l e n t  p re s su re - r ecove ry  r e g i o n .  The 
laminar shear l a y e r  i s  ana lyzed  by t h e  method o f  R e f .  12, 
assuming q u a s i - s t e a d y  f low.  The t u r b u l e n t  n i x i n g  and 
pressure- recovery  r e g i o n s  a re  ana lyzed  u s i n g  t h e  s teady-f low 
momentum i n t e g r a l  and f i r s t  moment e q u a t i o n s .  P r o f i l e  
parameters  i n  t h e s e  r e g i o n s  a r e  assumed t o  be u n i v e r s a l  
func t ions  o f  a d imens ionless  streamwise c o o r d i n a t e ,  w i t h  
t hose  f u n c t i o n s  d e r i v e d  from a n  e x a c t  v i s c o u s - i n v i s c i d  
i n t e r a c t i o n  c a l c u l a t i o n .  Matching o f  approximate s o l u t i o n s  
f o r  t h e  mixing and p res su re - r ecove ry  r e g i o n s  a t  t h e i r  i n t e r -  
f a c e  completes  t h e  a n a l y s i s .  
Leading-Edge Bubble.-The leading-edge  bubble on a n  
u n s t a l l e d  a i r f o i l  i s  ana lyzed  u s i n g  the  same b a s i c  r e l a t i o n s  
employed f o r  t h e  dead-air  r e g i o n .  Given t h e  boundary-layer  
parameters a t  s e p a r a t i o n ,  t h e  l e n g t h  o f  t h e  bubble and t h e  
amount o f  p r e s s u r e  r i s e  p o s s i b l e ,  f o r  t h a t  l e n g t h ,  i n  t h e  
p r e s s u r e  r ecove ry  r eg ion ,  a re  computed. That  p r e s s u r e  
r i s e  i s  compared w i t h  t h e  r i s e  i n  p r e s s u r e  i n  t he  p o t e n t i a l  
flow over  t h e  l e n g t h  o f  t h e  bubble .  I f  t h e  l a t t e r  i s  
greater  than  t h e  former,  t h e  bubble i s  assumed t o  have 
b u r s t ,  and t h e  s t a l l  p rocess  i s  i n i t i a t e d .  
Loading C a l c u l a t i o n  Procedure.-Calculat ions proceed 
by forward i n t e g r a t i o n  i n  time, u s i n g  the  b l ade  motions 
der ived  b y  i n t e g r a t i n g  t h e  e q u a t i o n s  o f  motion of t h e  
e las tomechanica l  system. I f ,  a t  a g iven  i n s t a n t ,  t h e  
a i r f o i l  i s  no t  s t a l l ed ,  t h e  p o t e n t i a l  f low i s  computed, 
and t h e  boundary l a y e r  and leading-edge  bubble a r e  ana lyzed  
t o  check f o r  bubble b u r s t i n g .  If t h e  a i r f o i l  i s  s t a l l ed ,  
t h e  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  dead-air  r e g i o n  i s  com- 
puted, t h e  p o t e n t i a l  flow e v a l u a t e d ,  and t h e  boundary l a y e r  
i s  analyzed t o  l o c a t e  t h e  s e p a r a t i o n  p o i n t .  The l a s t  two 
s t e p s  a r e  r e p e a t e d  i t e r a t i v e l y  u n t i l  assumed and computed 
s e p a r a t i o n  p o i n t s  agree.  Rate o f  growth o f  t h e  d e a d - a i r  
reg ion  i s  determined from an e s t i m a t e  o f  t h e  r a t e  o f  f l u i d  
entrainment  d e r i v e d  from the  p o t e n t i a l - f l o w  s o l u t i o n .  
U n s t a l l  i s  determined by f i r s t  p o s t u l a t i n g  i t s  occurrence  
and ana lyz ing  t h e  leading-edge bubble  which would t h e n  
form t o  a s c e r t a i n  whether t h a t  even t  d i d  i n  f a c t  occur .  
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During u n s t a l l ,  t h e  d e a d - a i r  reg ion  i s  washed o f f  the  
a i r f o i l  a t  t h e  free-stream speed ,  
Elas tomechanica l  Represen ta t ion  
The e q u a t i o n s  of motion for a r o t o r  b lade  wi th  f l a p p i n g ,  
flapwise bending and t o r s i o n a l  degrees  of freedom can be 
w r i t t e n  i n  t h e  form (Ref .  3)  
Rb 
=7 
uO 
FP 
M 
PP 
- 2  d2h 6 d2hp M$e 
2 
d e l + b  M @ e  2 R G d z ' + $ ,  F+ w e
h B  
- 2  T$e - 8  e - h P  R 'ee Mee 
- b  E 2  
11 
are  t i p  d isp lacements  due t o  f l a p p i n g  
and i n  semichords,  81 i s  t o r s i o n a l  
displacement  a t  t he  b lade  t i p  and t h e  f r equenc ie s*  are  t h e  
fo l lowing  f u n c t i o n s  of  r o t a t i o n a l  speed: 
The i n e r t i a l  and c e n t r i f u g a l - f o r c e  c o e f f i c i e n t s  are  
g iven  by 
*Barred q u a n t i t i e s  a re  d imens ion le s s  f r e q u e n c i e s ,  Uo/b - be ing  r e f e r e n c e  frequency;  e .g., a .  = 51 b h 0 .  
/ T$e = ( r  - 6 )  f6 fe  m xm d r  
s 
The complexi ty  o f  t h e  aerodynamic r e p r e s e n t a t i o n  pre-  
c ludes  e v a l u a t i o n  o f  t h e  gene ra l i zed  f o r c e s  Fp , Fb and 
Fe by t h e  u s u a l  s t r i p  approximation. 
however, t o  r e t a i n  both  t r a n s l a t i o n a l  deg rees  o f  freedom I n  
t h e  i n v e s t i g a t i o n  of the f o r w a r d - f l i g h t  problem, s o  a 
s imple two-dimensional model of t he  dynamics could n o t  be 
used .  The re fo re ,  a two-dimensional a i r f o i l  suspended i n  
s u c h - a  way as t o  have t h r e e  degrees of freedom was ana lyzed .  
I n e r t i a l  and s t i f f n e s s  parameters were a s s igned  t o  make the 
coupled n a t u r a l  f r equenc ie s  o f  the two-dimensional system 
match t h o s e  of t h e  r o t o r  b l a d e .  
It was f e l t  e s s e n t i a l ,  
The system ana lyzed  i s  shown s c h e m a t i c a l l y  i n  F igu re  2 .  
Three g e n e r a l i z e d  c o o r d i n a t e s  
should  correspond t o  b lade  
The matching of t h e  two-dimensional system wi th  t h e  b lade  
dynamics proceeds as fo l lows .  
a r e  first d e f i n e d  t o  correspond t o  t h o s e  of  t h e  b l ade .  
C l e a r l y ,  a n g u l a r  displacement  e 
t o r s i o n a l  displacement  a t  t h e  b 1 ade t i p .  
of f l a p p i n g  and bending, Z p  
d e f i n e d  by 
The c o u n t e r p a r t s  
and Z$, r e s p e c t i v e l y ,  a r e  
Z j  = A i  hl + Bh2, Z$ = A 2  hl - Bh2 
- 2  - 2  - 2  - 2  
2 ,  
- ,  "2 0 2  - 
- 2 ,  A 2  = - " d  - OPl - - 
- - where A I  - 
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0 = (ki/mi)(b/Uo)2, i = 1, 2 .  i and 
With t h e  above d e f i n i t i o n s ,  Z p  + z = -h , t o  g i v e  t h e  
c o r r e c t  t r a n s l a t i o n a l  correspondenck!. It &an f u r t h e r  be 
shown t h a t  t he  uncoupled n a t u r a l  f r e q u e n c i e s  of  t h e  two- 
dimensional  system match t h o s e  of  t h e  blade, provided 
and 0 -2 s a t i s f y  - 2  1 while o 
- 2  - 2  - 2  w 1 + (1 + m2/m1) o2 = o8 + 
- 2  
e 0 
By comparing the g e n e r a l i z e d  masses of t he  two systems, i t  
fo l lows  t h a t  
The l as t  r e l a t i o n ,  t o g e t h e r  w i t h  Eqs .  (1) and ( 2 ) ,  f i x e s  
m 2 4  :
Equat ing  the corresponding c o e f f i c i e n t s  of t h e  c h a r a c t e r i s -  
t i c  equa t ions  of t h e  two systems provides  three a d d i t i o n a l  
r e l a t i o n s ,  which can be so lved  f o r  t h e  coupl ing  parameters  
x, lsl, Is2. That  c a l c u l a t i o n  i s  o u t l i n e d  i n  Appendix B. - 
15 
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To complete t he  matching, q u a s i - s t e a d y  approximat ions  
t o  t he  damping terms of t h e  f l a p p i n g  equa t ions  a r e  equated 
w i t h  the  r e s u l t  t ha t  
R 
ml R/(-A~) = 4 - 
R2 [l - ( r0 /R)4 ]  
where 
s e l e c t e d  t o  be .75R. 
a r R  = Uo. The aerodynamic r e f e r e n c e  r a d i u s  r R  was 
The angle  of  z e r o  r e s t r a i n t  i n  t o r s i o n  was var ied  
p e r i o d i c a l l y  t o  approximate t h e  e f f e c t s  of c y c l i c  p i t c h  
v a r i a t i o n  i n  forward f l i g h t ,  accord ing  t o  t he  formula 
cy 
8 = 8, [l - 2 ( R / r R )  p s i n $ ]  
This  variation g i v e s  nominally c o n s t a n t  l i f t .  
The equa t ions  of  motion were so lved  by i n t e g r a t i n g  
a n a l y t i c a l l y ,  u s i n g  l i n e a r  e x t r a p o l a t i o n s  t o  approximate 
t h e  v a r i a t i o n  o f  l i f t  and aerodynamic moment ove r  the  
i n t e r v a l  of i n t e g r a t i o n .  This  scheme was found t o  g i v e  
s a t i s f a c t o r y  r e s u l t s ,  provided t h e  t i m e  i n t e r v a l  o f  i n t e g r a -  
t i o n  i s  no longer  t h a n  about  one f i f t h  o f  t h e  pe r iod  of  t h e  
coupled mode having the  h i g h e s t  n a t u r a l  f requency .  
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RESULTS OF COMPUTATIONS 
Conf igura t ions  Analyzed 
V i b r a t i o n a l  and aerodynamic c h a r a c t e r i s t i c s  of  the  
blade ana lyzed  were se lec ted  t o  correspond t o  t h o s e  o f  t he  
model r o t o r  blade d e s c r i b e d  i n  iief. 2 .  T h a t  blade i s  un- 
twis ted ,  of c o n s t a n t  chord, w i t h  o f f s e t  f l a p p i n g  h inge .  
P e r t i n e n t  d imens ionless  parameters o f  t he  model blade are 
l i s t e d  i n  Table 1. 
TABLE 1 
BLADE PARAMETERS FOR NOMINAL CONFIGURATION 
Parameter Value 
0435 
3 A 9  
.00431 
.216 
3.51 
Two e l a s tomechan ica l  c o n f i g u r a t i o n s  i n  a d d i t i o n  t o  t h e  
wi th  a l l  o t h e r  parameters  as l i s ted  i n  Table  1. 
The t h i r d  c o n f i g u r a t i o n  had x d b  = .108, wi th  t h e  remaining 
parameters as l i s t e d  i n  Tab le  1. 
nominal one were ana lyzed .  One o f  these had w ~ o / a ~ o  = 2.5, 
The bending mode shape, w h i c h  was computed by a 
f i n i t e - e l e m e n t  method, was found not  t o  va ry  a p p r e c i a b l y  
over  t h e  range of r o t a t i o n a l  speeds o f  i n t e r e s t .  The mode 
shape f o r  a$ / a  
was used  f o r  a?1 computat ions.  The t o r s i o n a l  mode shape 
f o r  t he  n o n r o t a t i n g  blade,  a l s o  shown i n  F igu re  3, was used 
t o  e v a l u a t e  t o r s i o n a l  i n e r t i a  parameters .  
= 1.26, which i s  p l o t t e d  i n  F igu re  3, 
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The t e s t  blade had a NACA 23012 s e c t i o n .  The 
v a r i a t i o n  of s t a t i c  l i f t  and moment c o e f f i c i e n t s  w i t h  a n g l e  
o f  a t t a c k  f o r  t h i s  s e c t i o n  were computed from a ser ies  of  
t r a n s i e n t  p i t c h  c a l c u l a t i o n s ,  and a r e  shown i n  F igu re  4, 
t o g e t h e r  wi th  t h e  measured s e c t i o n  c h a r a c t e r i s t i c s ,  from 
R e f .  13. The aerodynamic model i s  seen  t o  g i v e  n e a r l y  t h e  
c o r r e c t  maximum l i f t ,  bu t  a t  a s l i g h t l y  l o w e r  a n g l e  o f  
a t t a c k ,  and, as i n d i c a t e d  from t h e  v a r i a t i o n  o f  Cm 4 4 ,  t he  
computed c e n t e r  of p r e s s u r e  is somewhat f u r t h e r  a f t  t h a n  
t h a t  o f  t h e  a c t u a l  a i r f o i l  s e c t i o n  below t h e  s t a l l  a n g l e .  
S t a b i l i t y  i n  Hover 
I n i t i a l  c a l c u l a t i o n s  were performed f o r  hover ing  f l i g h t ,  
w i t h  t h e  nominal c o n f i g u r a t i o n ,  t o  a l low a d i r e c t  comparison 
wi th  t h e  t e s t  r e s u l t s  o f  R e f .  2 .  F i r s t ,  r o t o r  speed was 
v a r i e d  p a r a m e t r i c a l l y ,  w i t h  t h e  c o l l e c t i v e  p i t c h  a t  a v a l u e  
wel l  below the s t a l l  i n c i d e n c e .  A c l a s s i c a l  bend ing- to r s ion  
i n s t a b i l i t y  was encountered  a t  S2* E nR/ (  c3e0 b )  = 5.3 
wi th  O f /  0 8  = .803. The v a r i a t i o n  of bending, f l a p p i n g ,  
and t o r s i o n a l  a i sp l acemen t s  w i t h  azimuth angle a t  f l u t t e r  
o n s e t  are shown i n  F igu re  5. By way o f  comparison, tes ts  
( R e f .  2 )  yielded c l a s s i ca l  f l u t t e r  a t  about  a* = 7.1 
wi th  W f /  aeo = .72. 
It should  be no ted  t h a t  s ince  t h e  system s t a b i l i t y  was 
ana lyzed  by d i rec t  s i m u l a t i o n ,  a precise p o i n t  o f  l i n e a r  
i n s t a b i l i t y  was n o t  computed. The v a l u e s  o f  S2* a t  onse t  
o f  a l i n e a r  i n s t a b i l i t y ,  bo th  f a r  hover  and forward f l i g h t ,  
were o b t a i n e d  by s u c c e s s i v e l y  i n c r e a s i n g  o r  d e c r e a s i n g  r o t o r  
speed, i n  small steps,  u n t i l  t he  t r a n s i e n t  response  changed 
from convergent  t o  d i v e r g e n t ,  o r  v i s a  v e r s a .  The maximum 
e r r o r  i n  t he  v a l u e  o f  f l u t t e r  speed, f o r  t h e  r e s u l t s  pre-  
s e n t e d  here, i s  estimated t o  be about  th ree  p e r c e n t .  
S u s c e p t i b i l i t y  of  t he  system t o  s t a l l  f l u t t e r  was i n -  
v e s t i g a t e d  n e x t .  It was found tha t  a t o r s i o n a l  l i m i t  c y c l e ,  
a t  approximate ly  t he  highest  coupled n a t u r a l  f requency  of  
t he  system, could  be t r iggered  f o r  S 2 *  a s  low as 3.4. 
Computed blade motions f o r  s t a l l  f l u t t e r  a t  S2* of  3.5 
are shown i n  F igu re  6 .  
For  S 2 *  below 3.4, a l i m i t  c y c l e  could n o t  be set  up, 
r e g a r d l e s s  o f  t h e  i n i t i a l  cond i t ions  o r  t he  c o l l e c t i v e  p i t c h  
a n g l e .  Severe  o s c i l l a t i o n s  involv ing  repeated s t a l l  and 
u n s t a l l  could  be made t o  occur  by imposing a large i n i t i a l  
bending d e f l e c t i o n .  However, the  f l a p p i n g  response  modu- 
la ted  t h e  t o r s i o n a l  response ,  and caused cont inuous  s t a l l  
and/or u n s t a l l  o f  t he  blade over a s i g n i f i c a n t  p o r t i o n  of  
19 
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a r e v o l u t i o n ,  due t o  the l a r g e  plunging r a t e  gene ra t ed  by 
t h e  f l a p p i n g  motion. An example of  t h i s  occurrence  is 
shown i n  F igure  7. Thus, whi le  s t a l l  f l u t t e r  i nvo lves  only  
t h e  r o t a t i o n a l  degree  of  freedom, t h e  r e s u l t s  ob ta ined  
i n d i c a t e  tha t  the minimum speed f o r  i t s  occurrence  is d e t e r -  
mined by coup1ir;g with a t r a n s l a t i o n a l  degree  of freedom. 
R e s u l t s  f o r  t h e  hover ing  case are summarized i n  
F igure  8, which compares computed and measured f l u t t e r  
speed and frequency,  p l o t t e d  a g a i n s t  c o l l e c t i v e  p i t c h  a n g l e .  
No upper  l i m i t  i n  c o l l e c t i v e  p i t c h  ang le  f o r  t h e  occurrence 
of s t a l l  f l u t t e r  was c a l c u l a t e d ,  s i n c e  t h a t  l i m i t  would 
depend s t r o n g l y  on i n i t i a l  cond i t ions ,  and so would be 
a r b i t r a r y .  Q u a n t i t a t i v e  d i f f e r e n c e s  between t h e  computed 
and measured s t a b i l i t y  boundaries of F igure  8 can be a t t r i b -  
u t e d  i n  l a r g e  p a r t  t o  t h e  use  of a two-dimensional aerodynamic 
model, which cannot p r e c i s e l y  reproduce t h e  aerodynamic 
coup l ing  between the r o t a t i o n a l  and t r a n s l a t i o n a l  degrees  
of freedom. 
From t h e  b a s i c  s i m i l a r i t y  o f  t h e  computed and measured 
s t a b i l i t y  boundaries  and t h e  c h a r a c t e r  of t h e  computed i n -  
s t ab i l i t i e s  ( F i g u r e s  5 and 6 )  it can be concluded that  t h e  
aerodynamic and dynamic models formulated a r e  capable  of 
reproducing  both c l a s s i c a l  and s t a l l  f l u t t e r  as exper ienced  
by a r o t o r  blade, and s o  can be employed t o  i n v e s t i g a t e  t h e  
f o r w a r d - f l i g h t  problem. 
S t a b i l i t y  i n  Forward F l i g h t  
The nominal c o n f i g u r a t i o n  was analyzed nex t  f o r  an 
advance r a t i o  of .1. Computations were c a r r i e d  ou t  i n  t h e  
same sequence as f o r  hover ing .  F i r s t ,  the  r o t a t i o n a l  speed 
a t  which c l a s s i c a l  f l u t t e r  occurs was determined.  Then, 
s t a l l - r e l a t e d  i n s t a b i l i t i e s  were i n v e s t i g a t e d .  
A l i n e a r  bending- tors ion  i n s t a b i l i t y  o f  t h e  Floquet  
t y p e  (Ref .  1 4 )  was encountered a t  8" = 5.2. Blade 
motions as a f u n c t i o n  of azimuth ang le  a t  f l u t t e r  onse t  
a r e  shown i n  F igure  9 .  The t o r s i o n a l  and bending d i s p l a c e -  
ments a r e  seen  t o  d i s p l a y  t h e  a p e r i o d i c  c h a r a c t e r  t y p i c a l  
o f  t h i s  t ype  of i n s t a b i l i t y .  The f l a p p i n g  motion i s  the 
s t e a d y - s t a t e  response  t o  t h e  c y c l i c  p i t c h  v a r i a t i o n .  
found t o  occur  f o r -  51" 
t i v e  p i t c h  ang le  g r e a t e r  
51' = 4.8 a r e  shown i n  
ment t i m e  h i s t o r y ,  whi le  
An i n s t a b i l i t y  analogous t o  s t a l l  f l u t t e r  i n  hover was 
as low as about  4.4, with c o l l e c -  
t h a n  12 deg.  Blade motions f o r  
Figure 10. The t o r s i o n a l  d i s p l a c e -  
n o t  s t r i c t l y  p e r i o d i c ,  is nonethe less  
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brought a.bout by s u c c e s s i v e  s t a l l  and u n s t a l l .  The azimuth 
p o s i t i o n s  a t  which t h o s e  e v e n t s  occur  a re  marked by ( S )  and 
( U ) ,  r e s p e c t i v e l y ,  on t h e  $ - sca le .  
The blade mot ions  f o r  t h e  t y p e  o f  i n s t a b i l i t y  shown i n  
F igure  10 a r e  n o t  o f  t h e  same charac te r  as t h o s e  o f  p a r t i c u -  
l a r  concern  i n  t h e  l i m i t i n g  o f  h e l i c o p t e r  performance, i n  
t h a t  the  e x c e s s i v e  t o r s i o n a . 1  d i sp lacemen t s  shown i n  F i g u r e  
10 p e r s i s t  o v e r  a complete  r e v o l u t i o n  o f  t h e  b l a d e .  The 
c o n t r o l  l o a d  t i m e  h i s t o r y ,  t a k e n  from f l i g h t  t e s t  ( R e f .  6 ) ,  
shown i n  F i g u r e  11 i l l u s t r a t e s  t h e  t y p e  o f  s t a l l - r e l a t e d  
b lade  mot ions  u s u a l l y  encoun te red  a t  a t h r u s t  l e v e l  o r  
forward speed  n e a r  t h e  upper  l i m i t  o f  a n  a i r c r a f t .  
o s c i l l a t i o n s  i n  t h e  c o n t r o l  l o a d s ,  presumably d e r i v i n g  from 
blade  t o r s i o n a l  o s c i l l a t i o n s ,  a re  seen  from F i g u r e  11 t o  
p e r s i s t  o n l y  between abou t  J/ = 270 deg and $ = 400 deg,  
r a t h e r  t h a n  th roughou t  a complete  r e v o l u t i o n  o f  t h e  b l a d e .  
Large 
A t o r s i o n a l  d i sp l acemen t  t ime h i s t o r y  c l o s e l y  r e sembl ing  
t h e  v a r i a t i o n  o f  c o n t r o l  l o a d s  i n  F i g u r e  11 was o b t a i n e d  
for Si?* l e s s  t h a n  4.4, f o r  c o l l e c t i v e  p i t c h  a n g l e s  between 
12 and 13 deg. R e s u l t s  f o r  two t y p i c a l  c a s e s  are shown i n  
F igu res  12 and 13. The o c c u r r e n c e s  o f  s t a l l  and u n s t a l l  
a re  i n d i c a t e d  on the  absc issas .  The l a r g e  o s c i l l a t i o n s  i n  
t o r s i o n  a re  c l e a r l y  r e l a t e d  t o  s t a l l ,  bu t  t h e i r  p e r s i s t e n c e  
i s  n o t  t h e  r e s u l t  o f  s u c c e s s i v e  s t a l l i n g  and u n s t a l l i n g ,  
as would be  t h e  c a s e  f o r  t r u e  s t a l l  f l u t t e r .  The blade 
appears  t o  b e  r e spond ing  t o  t h e  sudden changes i n  aerodynamic 
moment a t  s t a l l  o n s e t  and u n s t a l l ,  as can  be s e e n  by compar- 
i n g  the v a r i a t i o n  o f  moment c o e f f i c i e n t  shown i n  F i g u r e s  12 
and 13 w i t h  t h a t  o f  t o r s i o n a l  d i sp l acemen t ,  and n o t i n g  t h e  
azimuth p o s i t i o n s  a t  which s t a l l  and u n s t a l l  o c c u r .  There 
i s  some c y c l i c  s t a l l - u n s t a l l  w i t h i n  t h e  s t a l l  zone e v i d e n t  
i n  t h e  r e s u l t s ,  p a r t i c u l a r l y  a t  t h e  h igher  r o t o r  speed  
( 52" = 4.15, F i g u r e  13) .  However, t h e  major  c o n t r i b u t o r s  
t o  the  o s c i l l a t i o n s  a p p e a r  t o  be t h e  i n i t i a l  and f i n a l  
pu l se s  a s s o c i a t e d  w i t h  s t a l l  and u n s t a l l  upon e n t e r i n g  and 
l e a v i n g  t h a t  zone.  There  a r e ,  i n  g e n e r a l ,  two c y c l e s  of 
t o r s i o n a l  o s c i l l a t i o n  o f  e x c e s s i v e  ampl i tude  a f t e r  t h e  blade 
u n s t a l l s  t h e  l a s t  t i m e  on a g i v e n  r e v o l u t i o n .  The r e s p o n s e  
can  b e  regarded as t r a n s i e n t ,  on a l o c a l i z e d  t i m e  s c a l e ,  o r  
forced ,  when viewed on a s c a l e  of s e v e r a l  r o t o r  r e v o l u t i o n s .  
The s e v e r i t y  of t h e  r e sponse  i s  a p p a r e n t l y  due i n  p a r t  t o  
t h e  suddenness o f  l o a d  changes a t  s t a l l  and u n s t a l l ,  and 
p a r t l y  t o  t h e  r e l a t i v e  l a c k  of aerodynamic damping i n  p i t c h ,  
p a r t i c u l a r l y  when the  blade i s  n o t  s t a l l e d .  
If t h e  c o l l e c t i v e  p i t c h  a n g l e  i s  i n c r e a s e d ,  t h e  b l a d e  
does  undergo s t a l l  f l u t t e r ,  as seen from t h e  time h i s t o r y  
p l o t t e d  i n  F i g u r e  14. 'These  r e s u l t s  a re  for t h e  same r o t o r  
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speed  as t h o s e  of F igu re  12, but  w i t h  8, i n c r e a s e d  from 
12 deg t o  14.3 deg. 
ove r  t h e  whole r e v o l u t i o n  o f  t h e  b l a d e  f o r  t h i s  c a s e .  
Success ive  s t a l l  and u n s t a l l  pe r s i s t s  
It cou ld  be a;.gued t h a t  t h e  b lade  t o r s i o n a l  o s c i l l a t i o n s  
o f  F i g u r e s  12 and 13 are  s t i l l  a m a n i f e s t a t i o n  of  s t a l l  
f l u t t e r ,  even though s u c c e s s i v e  s t a l l  and u n s t a l l  i s  no t  
t a k i n g  p l a c e ,  s i n c e  t h e  aerodynamic moment ?an undergo 
u n s t a b l e  v a r i a t i o n s  when t h e  blade remains s t a l l e d  through-  
o u t  a cycle  ( R e f .  4 ) .  It may, i n  f a c t ,  be t h e  c a s e  t h a t  
t h e  large d e f l e c t i o n s  do r e s u l t  p a r t l y  from t h a t  e f f e c t ,  s o  
choos ing  t o  term them as s imply  a r e sponse  may be somewhat 
mis l ead ing .  On the  o t h e r  hand, the  s o l u t i o n s  a re  d i s t i n c t l y  
d i f f e r e n t  from what i s  d e f i n i t e l y  s t a l l  f l u t t e r  o b t a i n e d  
bo th  i n  hover  ( F i g u r e  6 )  and i n  forward f l i g h t  ( F i g u r e s  10 
and 14)  so  t h a t  l abe l  would seem t o  be even less a p p r o p r i a t e .  
F u r t h e r ,  t h e  p e r s i s t e n c e  of the  o s c i l l a t i o n s  a f t e r  e x i t  from 
t h e  s t a l l  zone i s  c l e a r l y  symptomatic o f  a response ,  so ,  f G r  
l ack  o f  a more p r e c i s e  term, s o l u t i o n s  o f  t he  t y p e  shown i n  
F i g u r e s  12 and 13 are i d e n t i f i e d  i n  what fo l lows  a s  exces-  
s i v e  r e sponse .  
L i n e a r  S t a b i l i t y  Boundaries  
The v a l u e  o f  52” a t  t h e  onse t  o f  l i n e a r  i n s t a b i l i t y  
was determined f o r  t he  th ree  c o n f i g u r a t i o n s  cons ide red ,  
f o r  advance r a t i o s  o f  0, .1, .2, and .3. The e f f e c t s  o f  
advance r a t i o  and tors ion-bending  f requency  r a t i o  on l i n e a r  
s t a b i l i t y  are shown i n  F igu re  1-5, where 52* i s  p l o t t e d  
a g a i n s t  p f o r  two d i f f e r e n t  f requency r a t i o s .  I n c r e a s i n g  
advance r a t i o  i s  seen  t o  cause  some d e c r e a s e  i n  f l u t t e r  
r o t a t i o n a l  speed,  w i t h  most o f  the  decrease o c c u r r i n g  
between advance r a t i o s  o f  .1 and .2. The s u b s t a n t i a l  de- 
c r e a s e  i n  f requency  r a t i o ,  from 3.69 t o  2.5, caused o n l y  
about  a 4 pe rcen t  r e d u c t i o n  i n  f l u t t e r  speed  over  t he  range  
o f  advance r a t i o s  cons ide red .  The i n s e n s i t i v i t y  t o  f requency  
r a t i o  can  b e  a t t r i b u t e d  t o  the  l a r g e  chordwise mass imbalance,  
which produces t he  same e f f ec t  i n  c l a s s i c a l  b i n a r y  f l u t t e r  
o f  a wing ( R e f .  1 5 ) .  
The e f f ec t  o f  chordwise mass imbalance on l i n e a r  s t a -  
b i l i t y  i s  shown i n  F igu re  16, where 5 2 *  a t  f l u t t e r  o n s e t  
i s  p l o t t e d  a g a i n s t  P f o r  va lues  o f  Xm of  .216 and . lo8 
semichords.  A s  one would expect ,  t he  r e d u c t i o n  i n  Xm, and 
hence i n  t h e  coup l ing  between bending and t o r s i o n ,  causes  
a s u b s t a n t i a l  increase i n  t h e  f l u t t e r  r o t a t i o n a l  speed .  
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S t a l l  F l u t t e r  and Response Boundaries 
The e f fec t  of forward speed on s t a l l - r e l a t e d  i n s t a b i l i -  
t i e s  for  the  three  c o n f i g u r a t i o n s  was i n v e s t i g a t e d  by 
s y s t e m a t i c a l l y  va ry ing  t h e  c o l l e c t i v e  p i t c h  angle and 
advance r a t i o ,  w i t h  SZ* equa l  t o  3.89. I n  o r d e r  t o  r e l a t e  
the r e s u l t s  t o  r o t o r  performance, a mean l i f t  c o e f f i c i e n t  
CL i s  de f ined ,  acco rd ing  t o  
- 
where 1 is t h e  t ime-averaged l i f t  per u n i t  span a t  t h e  
aerodynamic r e f e r e n c e  r a d i u s .  T h i s  c o e f f i c i e n t  i s ,  t o  a 
good approximation, d i r e c t l y  p r o p o r t i o n a l  t o  the  t h r u s t  
c o e f f i c i e n t  ( s e e  R e f .  16) .  The two-dimensional aerodynamic 
model does no t  provide  a good measure of  EL when t h e  r o t o r  
i s  p a r t i a l l y  s ta l led ,  s o  EL was computed assuming i t  v a r i e s  
l i n e a r l y  wi th  t h e  c o l l e c t i v e  p i t c h  angle,  u s i n g  t h e  formula 
- 
CL = a (  p ) ( e o  + .0217) 
The s lope  a and z e r o - l i f t  c o l l e c t i v e  p i t c h  ang le  of  -.O217 
rad were obta ined  from c a l c u l a t i o n s  of EL f o r  t h e  nominal 
conf igu ra t ion  wi th  s t a l l  prec luded .  The v a r i a t i o n  o f  a 
w i t h  p is shown i n  F igure  17. 
The r e s u l t s  ob ta ined  f o r  t he  nominal c o n f i g u r a t i o n  are 
summarized i n  F igure  18 as a p l o t  o f  EL v s  cc . A s  t h r u s t  
i s  increased  a t  a g iven  Cr , t h e  r o t o r  i s  seen  t o  f irst  
encounter a r eg ion  of excess ive  response,  o f  t h e  type d i s -  
cussed p rev ious ly ,  and t h e n ,  f o r  ~1 of .2 o r  less ,  a 
r e g i o n  where s t a l l  f l u t t e r  o c c u r s .  I n c r e a s i n g  advance 
r a t i o  has t h e  e f f e c t  o f  suppres s ing  t h e  tendency f o r  s t a l l  
f l u t t e r .  A t  c1 = .2, s t a l l  f l u t t e r  occurs  a t  EL = .85, 
but  a f u r t h e r  i n c r e a s e  i n  r e s u l t s  i n  excess ive  response  
again. A t  
could no t  be t r iggered a t  a l l .  A s  a r e s u l t ,  s t a l l  f l u t t e r  
i s  confined t o  a r eg ion  somewhat as i n d i c a t e d  by the  shaded 
area i n  F igure  18. 
Cr' = .3 a l i m i  E -cyc le  type  of  o s c i l l a t i o n  
The suppres s ion  of S t a l l  f l u t t e r  a t  h igh  advance r a t i o  
i s  appa ren t ly  caused by an e f f e c t  similar t o  the one en- 
countered a t  low r o t o r  speed i n  hover,  whereby the f l a p p i n g  
motion prevented a l i m i t  c y c l e  from o c c u r r i n g .  Th i s  can be 
seen  from t h e  b lade  motions ob ta ined  f o r  p = .3 and 
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L 
- 
CL = .78, p l o t t e d  i n  F igure  19. 
as t h e  blade e n t e r s  t h e  s t a l l  zone on t h e  r e t r e a t i n g  s ide ,  
i t  appears  t ha t  a l i m i t  c y c l e  i s  be ing  set  up, w i t h  r epea ted  
s t a l l  and u n s t a l l  c c c u r r i n g .  However, a t  about  1L = 420 
deg, t h e  f l a p p i n g  mlJtion has b u i l t  up i n  response  t o  t h e  
l a r g e  c y c l i c  p i t c h  Ghanges, producing a n e g a t i v e  plunging 
r a t e  s u f f i c i e n t  t o  keep t h e  blade u n s t a l l e d  over  t h e  remain-  
der of i t s  passage on t h e  advancing s ide.  Then, when t h e  
b lade  a g a i n  e n t e r s  the  s t a l l  zone, t he  large p o s i t i v e  f l a p -  
induced plunging ra te  prec ludes  u n s t a l l  u n t i l  e x i t  from 
t h e  s t a l l  zone a t  about  $ = 670 deg. A s  a r e s u l t ,  t h e  
b lade  subsequent ly  undergoes excessive t o r s i o n a l  response,  
ra ther  than  s t a l l  f l u t t e r .  
On t h e  f i r s t  r e v o l u t l o n ,  
The effect  of to rs ion-bending  frequency r a t i o  on s t a l l -  
r e l a t e d  i n s t a b i l i t i e s  can be seen from F igure  20, where CL 
i s  p l o t t e d  a g a i n s t  Cr f o r  w e o / W @ o  = 2.5. No i n s t a n c e  
o f  e x c e s s i v e  t o r s i o n a l  response occurred  w i t h  t h i s  conf ig -  
u r a t i o n  f o r  an advance r a t i o  of .2 o r  l ess .  I n s t e a d ,  
l i m i t - c y c l e  type  o s c i l l a t i o n s  were s e t  up, w i t h  a lmost  no 
evidence of suppres s ion  by t h e  f l a p p i n g  motion, even a t  
r e l a t i v e l y  high v a l u e s  o f  CL with 1.1 = .2. A t  cc = .3, 
however, only e x c e s s i v e  response was ob ta ined ,  s imilar  t o  
the r e s u l t s  for 
The marked d e t e r i o r a t i o n  i n  s t a b i l i t y  a t  the  lower 
frequency r a t i o  i s  a p p a r e n t l y  a s s o c i a t e d  wi th  t h e  lessened 
l i n e a r  stability of t he  system. The c o n f i g u r a t i o n  w i t h  
x d b  = -108, which i s  more stable,  i n  the l i n e a r  sense ,  than  
t h e  nominal one, e x h i b i t e d  a t rend  o p p o s i t e  t o  t h e  one re- 
s u l t i n g  from a dec rease  i n  frequency r a t i o .  The r e s u l t s  
f o r  t h e  smaller mass c e n t e r  o f f s e t ,  shown i n  F igure  21, a r e  
similar t o  t h o s e  of  t h e  nominal c o n f i g u r a t i o n ,  F igure  18, 
bu t  the r e g i o n  i n  which s t a l l  f l u t t e r  occurs  i s  sonewhat 
reduced, there  be ing  no occurrence of s t a l l  f l u t t e r  a t  a n  
advance r a t i o  of .2. Also, t h e  ampl i tude  o f  t h e  t o r s i o n a l  
o s c i l l a t i o n s  i n  t h e  r e g i o n  o f  excess ive  response i s  con- 
s i d e r a b l y  reduced, as evidenced by comparing t h e  blade 
- motions p l o t t e d  i n  F igure  22, which a r e  f o r  CI = .l, 
CL = .95 and x d b  = .108, w i t h  t h o s e  o f  t h e  nominal conf ig-  
u r a t i o n  p l o t t e d  i n  F igure  12. 
~ ~ o / ~ $ o  = 3.69. 
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Figure 19 DISPLACEMENT TIME HISTORIES AT HIGH ADVANCE RATIO - 
a* = 3.89, * 0.78, I.( = 0.3 
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I . I  
0.6 
SYMBOL TYPE OF SOLUTION 
X STALL FLUTTER 
A EXCESSIVE RESPONSE 
0 STABLE (NO STALL) 
0.5 0. I 0.2 0.3 
ADVANCE RATIO, p 
AND Xm/b = 0.216 
Figure 20 STALL STABILITY BOUNDARIES FOR !2* = 3.89, wgo/w#o = 2.5 
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ADVANCE RATIO, p 
Figure 21 STALL STABILITY BOUNDARIES FOR 0'' = 3.89, wgo/w#o = 3.69 
AND Xm/b 0.108 
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Figure 22 DISPLACEMENT T I M E  HISTORIES FOR EXCESSIVE T O R S I O N A L  RESPONSE. 
an+=3.89,C~=0.95,p=0. l ,ANDXm/b =0.108 
4 3  
CONCLUSIONS 
An a n a l y s i s  has been performed o f  t he  a e r o e l a s t i c  
s t a b i l i t y  o f  a h e l i c o p t e r  r o t o r  blade i n  hover ing  and 
forward f l i g h t .  An a n a l y t i c a l  model o f  an  a i r f o i l  under- 
going uns t eady  s t a l l  and an e l a s tomechan ica l  r e p r e s e n t a t i o n  
inc lud ing  f l a p p i n g ,  flapwise bending and t o r s i o n a l  degrees 
o f  freedom were employed i n  t he  s t u d y .  The fo l lowing  con- 
c l u s i o n s  
1. 
2. 
3. 
4. 
5. 
6. 
can be drawn- from the  r e s u l t s  o b t a i n e d .  
Analys is  of  a e r o e l a s t i c  s t a b i l i t y  f o r  a 
hover ing  r o t o r  demonstrated t h a t  t h e  a e r o -  
dynamic and dynamic r e p r e s e n t a t i o n s  developed 
are capable o f  reproducing  c l a s s i c a l  and 
s t a l l  f l u t t e r .  
While s t a l l  f l u t t e r  i s  an i n s t a b i l i t y  
i n v o l v i n g  a s i n g l e  r o t a t i o n a l  degree of  
freedom, t h e  minimum r o t a t i o n a l  speed 
f o r  i t s  occurrence ,  i n  hover ,  is determined 
from coup l ing  wi th  a t r a n s l a t i o n a l  degree  
o f  freedom. 
I n  forward f l i g h t ,  t he  r o t o r  can undergo 
a l i n e a r  i n s t a b i l i t y  analogous t o  c l a s s i c a l  
f l u t t e r  and a s t a l l - i n d u c e d  f l u t t e r  which, 
w h i l e  n o t  mani fes ted  by a s t r i c t l y  p e r i o d i c  
l i m i t  c y c l e ,  has the  same b a s i c  mechanism 
f o r  i t s  occurrence  as s t a l l  f l u t t e r  o f  a 
hover ing  r o t o r .  
The large s t a l l - r e l a t ed  t o r s i o n a l  o s c i l l a t i o n s  
which l i m i t  forward speed and t h r u s t  are 
pr imar i ly  t he  response  t o  t h e  rap id  changes 
i n  aerodynamic moment which accompany s t a l l  
and u n s t a l l ,  ra ther  t h a n  t h e  r e s u l t  o f  an  
a e r o e l a s t i c  i n s t a b i l i t y .  
L inea r  s t a b i l i t y  is r e l a t i v e l y  i n s e n s i t i v e  
t o  advance r a t i o  f o r  advance r a t i o s  as 
large as .3. 
While e x c e s s i v e  r e sponse  due t o  s t a l l  occur s  
a t  high advance r a t io ,  s t a l l  f l u t t e r  i s  pre-  
c luded  by the large f l ap - induced  p lunging  
rates . 
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7. The s e v e r i t y  o f  s t a l l - r e l a t e d  i n s t a b i l i t i e s  
and r e s p o n s e  depends t o  some e x t e n t  on 
l i n e a r  s t a b i l i t y .  I n c r e a s i n g  l i n e a r  s t a -  
b i l i t y  l e s s e n s  t h e  s u s c e p t i b i l i t y  t o  s t a l l  
f l u t t e r , a n d  r educes  t h e  rnagnitude of t h e  
t o r s i o n a l  r e s p o n s e  t o  s t a l l  and u n s t a l l .  
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APPENDIX A 
PROGRAM LISTING 
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1 
APPENDIX A 
PROGRAM LISTING 
A l i s t i n g  o f  t h e  FORTRAN coding o f  t h e  computer program 
follows. The program was w r i t t e n  i n  FORTRAN I V  for u s e  on 
an IBM 360/75 computer.  
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f 
C PROGRAM TO A N A L Y Z E  U Y F T E A O Y  A I R F O I L  S T A L L  
C 
CCMMPN - / R L 1 /  N T I M E ,  N D I Y C  * IST-D_- 
CCMHON / C L C Y R L  / C L V 6 T M T G  C H P A V R  
c 
C f l M M @ ~ - / I N P T V B ~ - - ~ l ~ R l 6 4 ) ;  -7PV6(64)r F P P R V R f  6 4 1 9  O I O S V R ( 6 4 ) r  
a XYVB (64) r D E L V B g  XMUV BI FOVRI X Y U I V R I  
B AT 0 V R-, A T C V S  I A T S V B I  R O V B r  R V B I  6 4  1 9 
C HVR (64 ) * YV R ____ --  -- - - _ _  
C 
COMMON / I N P U T S /  N S B L ,  NZ9 NOFFI  NGAMI h( S I G I  
A 
R __ N O T R L t  I N O V I  ELSI G* D X I I  R E A 9  R ORB 9 
C F R L r  4 R R s  A M P L U ,  F R E Q U  I A L P H l r  A L P H Z v  
E D R Y ,  Y ( 1 0 0 1 ,  T E S T *  U P R I M r  XU[ 30 1 9  Y U I  301 9 
F X L l 3 0 )  r Y L I 3 3 )  9 _ E R l r - _  E R 2 9  E R 3 r  B D 3 R p  
€-- R R D B R  
H I  C M P 4 r  C M P A S I  RARG, ps*I,p--- E M 1 9  H V O R v  --__ N V q R 9  .- >SPAI_  S V O R t  TT)RF* X l V O R  
I *  P L O T O P I  P S I L O W .  
Nc a t - -  YCBQO LOWER,  M S T r l P t  M A X 1 9  Y 3 T Q *  - -  
-. 0 H E A V F I  AROTI F R E Q F ,  P H l H *  ._ !VI R V 1 9  
- 
M A I V  2 
M A I N  .3 
M A I N  4 
S E T U P S 1  7 
SE T U P  S18 
SE T U P  52 0 
S E T U P  S2 L 
SE T U  P 52 2 
SE T U P S Z  3 
SE TU P s2 4 
SE T U P S Z  5 
SE T U P  SZ 6 
SE 1UP 52 7 
S E T U P S 2 8  
S E T U P  52 9 
SE T U P  53 0 
SE rup si 9 
- J 9 N O U T  . -_ 
C OMHO N/ Z Z Z  / Z ( 3 )  
C _ _  . .- - SE T U P S 3  1 
t . -  
01 M E N S I O N  U S A V ( 3 0 0 r  100) r S C A L S  (300 1- - _ - - _ _  - . 
D I M E N S I O N  U S A V t L  11 I * S C A L S I 3 0 0 1  
-__- C - M A I H  5 
M A I N  5 -.- 
M A I N  6 D I M E N S I O N  C A M B R  (24) tTHI  CK(24 1 
D l l F W V F 4  X G A K D O )  ~ X S I G ( L O O ) r X S I G A ( L O O I  r X S  IGB(  100) xct 3 - m i m - x m - 7 - - -  
-_ - LSBL(3001 9 X B S I G  t 100) M A I N  8 
I M NS I ON A C  A P  ( 3 0  r 3  1 t BC A P  I 100 e 3 T r A F Z  T 3 0  1 *as( 3-09-30 1 I BSI 3 O r  3-0 1 I A SHZMA I N  9 
I S T D =  I--. 
R4D = 180.  / P I  
I L =  8 8 8 8  
H A l N  4 
C 
c MAIN 6 5  
C A L L  R F ~ D I N T I L ~ ~  6-0)- 
C NnTF - CFFcETS--A-R-E P i l l  I N  AS L I S T E D  I N  THEORY OF d1NG SECTION3t  I.EMAIN 66 
AS A FRACTION OF TOTAL CHOROt X 1  BEING MfASURFD FPOY THE _ _ _  c 
C LEADING EDGE. RE S URE NF -fs A N E V E N -  NUM BER . 
C , I -M-~ lo;- - . - - . I 
N T I  ME=O N~KE9---' - - -- --- -- 
I SEPT S O  __ . . _ _  - 
I SEP=O 
- [WASH =Z _____ _ _  
U I  NF =l 
- L=O 
- I N D v = I - N W ~  
-  - __ ._ __ - HR I TE I MOUT e 6  ) - I 
I T C H  = A L P H l  
C F t I N D V  + MOTR .LE. 2 )  P I T C H  PllCH~i_ALPH2 t 
I -FTIkDV .EO. 2 )  
X AMPLU = 1.33333* X W A V B  fl.-ROVB**3) / (1. - ROVB**4) 
I F (  I N  REQU= BDBWKRlFFF3T DV.EO. 2 )  F 
- _  
IF~IKDV .GF. 2 )  cn TC 343 .- _ _  
WRI TE (MOUT t 25)  NVOR SVOR t HVORe BAR6 * X I V O R t  EMI>TORFr SSPA 
RY=RYl  
H-Vm-2 
R ARG =R A RG / 6  . 2 A3 2 -.. 
3 4 3  C A L L  Snrrrrnr tYUt  KLI Y L t N O f l  tNFvRDRB EBB* CM b BBt TH 1 CK v CA MBR J 
__  OF 7875  N = l t N F  _. 
AMRR I N) =C A WRR( N ) *C HOB8 
7E75 THIC Kf N) =THlCK fNI*TWDBB 
.~ _. 
WRI TE (MTJT t 4 1  
- 
I 
W R I  TE ( MDUT q7)  AMPLU t FREQU t A L P H l  t ALPH2t HEAVE? AROTe FREOFt - -  - R 086 r R  EB 
W R r n t B I  
WRI TF fMOUT*9) fh rCAHBRl N) t T H I C K f  N) t W  It NF) 
MX=N SR L+ NZ-1 
CALL SCAL(SBL*NSBLtFRZ*ARRtRORB) 
CALL CORD-XTbtrL ?Nz-i-mm * S B L * X t X C I  
- - 
____ . 
- -- 24 19 MEND =M-1 
2420  CONTINUE 
142T m D  
--- 
GO T O  2 4 2 1  
- 
MAIN 6 7  
Y A I N  6R 
MAIY 69  
M A I N  59  
M A I N  7 2  
MAIN 75 
MAIN 64 
MAIN 76 
Y A I Y  7 7  
MAIN 78 
M A I V  7 9  
MAIN 8 0  
MAIN 81 
MAIN A2 
MAIN 83 
MAIN 84 
MAIN 95  
Y A I N  86 
MAIN 87 
Y A I N  8 8  
M 4 I N  89 
M A X M  90 
Y A I N  91 
M A I N  92 
MAIN 93 
M A I N  9 4  
49 
M X M l  z M X - 1  
YE I M X + 1  t 1 1 ~ 1 - t  _ -  
F P S L € = 2 .  * (  x (Nz, -x ruz- l ,  I 
N S I G A = N S I C  ~- 
N S I  SR=NST S 
N S I G l = Y S I G + l  
Mf lTR=MC)TRt  L 
M A I N  9 5  
M A I N  96 
M A I N  97 
M A I N  98  
Y A S N  99 
M A I N  100 
M A I N  101 
M A I N  102 
M A I N  103 
M A I N  104 
M A I N  105 
M A I N  106 
Y A I Y  1 0 7  
M A I N  108 
H A T Y  109 
N O T B L = N r ) T R L + L  . _ _  - M A I Y  110 
XMA XI 1 - E L  S I G W A I Y  111 
CCNA=. 375*P I / r ) X I  - -~ M A I N  112 
A NG S= P I IFL 0 AT I YS I o - - - - - -  M A I N  113 
C A L L  S E T S X ( N S I G 1  91.1t2. r X S I G r  A N G S )  _ _  _ _ _ _  _ _ _ _  - -- . -_ M A I N  114 
M A I V  115 
M A I N  116 
X S I G B I N ) = X S I G  (N )  Y A I N  117 
H A I N  118 
D n  2 4 3 1  N z l r N S l G  M 4 I N  119 
M A I N  120 DO 2431 NUX193 
M A I N  1 2 1  
M A I Y  122 
N C P l = N C O R D + l  W A I N  123 
-- 
X S E P X l . 1  
- 00 2430 -___ N = l * N S I G L  - _ _ _  
._--___-- 2430 X S I G A (  N l = X S I G  (N1 . -  
_ _ _ _ ~  _ _ _ _ _  ~~ - 
2 4 3 1  B C A P l N * N U l = O .  
P I  NTzZe / F L O A T  (NCORD) ~-~ _ _  
T H X I = 1 . 5 / D X I  .. 
N G P l  = N G 4 M t  1 
M A I N  124 
M A I N  125 
D O  8456 N x l r N W A K E  . . __ -
GAMA W I N) SO e 
____ ~~ ~ . - . X I  W N 101 * C O U N T  
8 456 C O U N  T=C OUNT+ D X I  
A N G L E  = P I  /F L O A T  ( NG AM 1 
C OUNT=O. 
00 1002 W L r N G P 1  --_ -_  
PHI H=C O U N T + A N G L E  
M A I N  128 
M A I N  129 
M A I N  1 3 0  
M A I N  131 
M A I N  132 
M A I Y  133-- 
M A I N  134 
M A I Y  135 
M A I Y  1 3 6  
M A I N  137 
-~ 
M A I N  140 
M A I Y  141 
W A I Y  143 
M A I N  146 
M A I N  I 4 7  
M A I N  148 
- ~ _ _ _ -  _ _  _ -  1 o c i  o OUNT=D OUNT+ I e I m N T X  0UN T+ 1 
C A L L  WASH1 X G A M r  N G A M e T I  HE ~ A L P H L I  AL PWPI HEAVE, A R O l *  FREQFpPHlH* UINF t C A M A I N  142 - .. - _ _  --- TRBB r NF t V Z I  P 9 1 r 1 1 
C P n l M  
DO 8458 1 I + l e N G P l  
r 1 ) - 1 .  
P K l t M l  M A l N  149 -- ~ _ _ _  __ ._ 
TE MPs2. *VZ I Pf M I  
=It Hp - 
-50 
e 
8 
‘AAIN 150  
DO P457 N s 3 r N G P l  M h I N  151 
457 t MA T I  MI Y )  =AS ( YvrY-1 P A I i u  i52 
CALL ACSal. I NGPl9 C M A T  9 R M A T r  - -- M A I R  1 5 4  
DO A 4 5 9  N = l * N G P l  Y A I Y  155 
Y A I V  156 
A C A P  I N 9 3 1 =RYAT I V I  P A I N  156 
e 4 5 9  A C A P I N ~ ~ ~ = E ~ P ~ N , ~ )  M A l Y  1 5 7  
DO - ._ 2 7 8 4  - M = l * Y X  __ . H P I N  1 5 8  
S I G N = l  /+IAIW 1 5 9  
I F  4 M-NZ) 277492775  92775 M A I V  1 6 7  
2774  SIGN=-SfCN--- - M A I Y  161 
2775  CALL 162 
Y A I V  163 
C PA T I M 9 2 I =  X G - A m  1 
4 5 8  CCNTINUE WIW 153 
A C A P ( N ~ ~ ~ = R M A T T ~ ~ )  - -  
OECALI  I SEPI~GAMINS I G 9  NFIXS I G 9  ACAPq BCbPe THICKIRCRR, GAMA 1( L I  9 U I Y A I N  
l N F * X Z ( W r U F ( H I L )  9S7GNY - -  
.- - - 2 7 8 4  UF I w 9 2 1  =UE(M*L)  
DO 200 4 M-2 9 NGAH 
10 04 R L A  M t M I  = I 1. 1 2 5  *XG A Y  ( H I  + - 1 8 1 5  * ( 1 . +XCAM ( Y 1 1 *( 1 .- 3 . *X GAY ( Y 1 I *  4LfJG( - 
i t  XGW ( MI I ~ ; 1  i,-xG a r i w , j t  n o x i -  
BLA P I NG P 1) =-1.125/ 0 X I  
CALL C T C  M NCOI I fSFP,NGAA iXX 1 G; NS IC; XS IGA9 NS I GAI XS I GRINS I G(3 9 4CAP 
~ A P I T H I C K I R D B R I G A ~ ~ W ~ U I N F  rUDClT rDN I *AROT*CMP4)  - - .. - ._ 
I F  I I N D V  . .  EO 2 1  
_ _ _  . _- l C A L L  SUPPL - __ c 
C I h D E X I N G  I N  T I M E  IS CARRIED OUT AT THIS  POINT, 
c -  
- ___ - --_. - - - 
9 5 5 9  CCNTINUE 
CALL ACUCPU( I A C U  1 
IF( I A C U  .LT. 35000 1 GO TO 99 _ _  _ _  - 
C 
C NnTF - FOR R E A D - I N  CF F C I L  NOTIONS9 HbKE A L P H l  ALPHA9 
c -__- X L P H 2  = ALPHA - D O T 9  AND HEA V E  I H-fjaT-.--- - 
C _ _  
I F ~ Y C T R  . .  E a  21 
XR EA0 ( I N 9 2 I E ND=89 8 9  1 A L P H l  9 ALPH2 9 HEAVE -_ 
158 m 
_ _ _  - - T I M E = T I  M E t D X I  
NT IME=NTI  ME +I 
NWAKE=NTI ME+2 - ____ - - *- - _  - 
--. 
201  NWAKE-998 
8 A00 SA VF CI-UI NF 
TO2 I F ( Y A  XT-NTI Y t l  8 9 8 9 * 8 8 0 0 * 8 8 0 0  
______.____- . - 
L= L + 1  
___ P I L * l I  BCRR / RROBR * T I M E  RAD _ _  
P S I 3 6 0 Z  AMOD( P t L s l I  9 360.1 
__-__ - - - U I  N F = l  . t AMPLU*S I N ( F  REQJ *T I C E I  -~ 
t - . ( INDV . .  EQ 21 
I T C H  - A L P H l  __  - __ 
- XCALL SUPPl  ( U I N F I  
I F t I h D V  + MOTR .LE. 21 PITCH * PITCH - ALPHZ*COS(FREQF*TIYEI 
STEP X=. 5 * D X I  *( U I  NF+S AVEUI 
_ _  - _. 
( F K t m  1 
.. __ 
DTT 1003 JxZ VNWAKt 
Y A I Y  1 6 4  
M A I V  165 
M A I V  167 
MAIN 16A 
R C M A I V  504 
MAIN 505 
M A I N  
M A I N  169 
M A I N  1 7 0  
MAIN 171  
MAIN 172 
L.HAIU 166 
MAIN 175 
M A I N  176 
MAIN 1 7 7  
MAIN 1 7 8  
M A I N  1 7 4  
MAIN 182 
MAIN 183 
M A I N  1 8 4  
Y A I N  L R 5  
MAIN 186 
MAIN 187  
MAIN L A A  
MAIN 189 
M A I Y  190 
MA I h (  
MAIN 475  
M A I N  191 
MAIN 192 
MAIN 1 9 3  
51 
-- 
J C  =N k4 KE - J + 2 
GAMA W I JC =G4?4J ( J C - 1 )  
1 C C 3  X I W (  J C ) = X I W (  J C - 1  I + S T F P X  
2 C C 7  DO 2008 N = l r N S I G  
__ - .  I F  I SEP) 2009r202Qp2007 
R C  A P  ( Y 9 ' 3  BC A P  I1\ r 2  1 
R C A P  f N92 1 = R C A P  (N  r 1  I 
- 
2 0 C R  
00 4 4 3 3  N = l r N S I G l  
X S I G R ( N I = X S I G A  (NI 
E Lo 1 =E LDOT 
A L A  C t 1 1 = I 1 12 5+. 75*=3G ( S T E P X * .  5 1 ) / D X  I 
M A I N  194 
M A I N  195 
Y 4 I N  196 
M A I N  197 
M A I N  198 
M A I N  199 
M A I N  200 
M A I N  201 
M A I N  2 0 2  
M A I r J  203 
M A I N  204 
M A I N  205 
M A I N  206 
M A I N  207 
M A I N  208 
W A I N  209 
M A I N  210 
M A I N  211 
M A I Y  212 
M A I N  215 
M A I N  216 
A C A P ( M * 3 ) = A C A P ( H , 2 )  __ ~ M A I N  217 
2 0 C t  z A P ( m = A C A P A P r Y ( i - J -  M A I N  218  
A F A C T z 8 .  * (  A C A P I l r  2 )  + . 5 * A C A P ( Z t 2 )  _ -  1-2.*( A C A P (  193 1 +.5*ACAP (29 3 1 ) M A I N  219 
A L P H S - V Z I P ~ ~ J  M A I N  220 
M A I N  222 
M A I N  225 
A S Z  ( M) =1. + 2. * A L  AM ( 4 1 M A I Y  226  
A 5 ( M 9 1) =XG A H  + A L 4 q L W  - ._ _ _  _. - - -  M A I N  227 
M A 1 4  228 SUM=O. 
-- ___-- 
C A L L  WASH( X C A M t  N G A M r T I  ME 9 A L P H l r  A L  P H 2 r H E A V E r  ARCIT, F R E Q F t  P'HlHr U I N F  K C A M A I N  2 2 1  
1 HBRV NF * V Z I  PI H O T R  r INDV 1 
_- 0 0  1006 M x l r N G P l  -~ - 
_ _  - 
M A I N  231 
M A I N  232 
M 4 I Y  233 
M A I N  234 
M b I N  236 
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3 1  E7 6 S (  M I  1) = D I F F * * ( - l o  5 ) *SQRT (DEAOL) *( 3-+ X ATT-4, * X G A M ( Y I  ) MAIN  287 
MAIN 2 8 9  
M A I N  290 
C 
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C OUNT=l. 
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c PCT=CIJJ - ____  - M A I N  3 1 8  
D O  4800 K Z l r N S I G  M A I N  319 
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L C O R 3 r V A L 2 )  M A I N  332 
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C C A L C U L A T I O N S  F R O M  T Y I S  P O I N T  flN C O M B I N E  THE M A I N  _ _  338 - 
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- M A I N  340 c 
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M A I N  342 R M A T  ( M I  = AR ( M )  
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-____ I F (  I SEP)  6486r6500*6486 - - __ ~ - _ _  M A I N  346 
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4444 C O N T I N U E  - _--__ 
~ - - - 
_ _ _ _  ~_ __ 
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D O  4 7 5 0  N= l r " JS IG 
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DO 6POO N = l r N G P L  
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M A I N  360 
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MAIy 357 
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M A I N  357 
M A I N  3 6 8  
Y 4 1 D  369 
M A I N  3 7 0  
b e 2 0  CONTINUE M A I N  3 7 1  
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a0 888 6 M = l i ' f X M l  M A I N  3 8 1  
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T r L 5 J  m t l ) v m  M A I N  411 
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G O  T O  3 2 4 8  M A I N  4 4 2  
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. - -9 2 1 1  I F (  X S E P - X S E P S I  9 3 3 5 r 9 3 0 5 r 9 3 0 6  
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I F 4  *€a. 2 .ANO. X S E P  .GTr . XS€P*- 098 
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7 7 3 7  N1 T C = V I  1 s t  1 WdIL.1 47(1 
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SUPP L 1 9 5  
A I l r 1 1 * ( ~ A ( Z r Z ) . B E T A I 3  r 3 I -RE;I  A I  3 * 2 F * E E T A ( 2 * 3 )  )-BETA( 2 r l S U P P L 1 9 6  
1 1 2  ) * R S U P P l L 9 7  
._ 
_ _  - 
- B E T A ( 2 r l l  = - 4 A X R * B E T A ( 3 r l  I ._ ._. 
I 
1) *RE Tb t 2 9 3 ) -BET A ( 1 r 2 1 *RET 4 ( 2  9 1 I -R ETA1 L r  3 *BETA ( 3 r 1 1 
I 
~ 
._ - 
l I * ( B E T A  ( 1 9  2 )  *BETA(3 r 3 ) - B E T A ( 3  92 )*BFTA( l r  3 
l F T a T 2 ; ~ - ~ A ( 1 , 3 1 + R E T A ( 2 , 2 1 1  
)+OFT A (  3 1  1 I* (  9FT4  
I 
SUPP L 198 
CALL POLLY(NPOLrB9SrRELrANTrAB)  SUPPL199  
SUPPL200  
SUPP L 2 0 1  
SUPP L 2 0 2  
D O  4 5  I t 1 9 4  - -- 
SUPP L 2 0 3  
SUPP L 2 0 4  
I SUPPLZOS 
SUPPL206 
_ _  . -  
- _ _ ~ -  - WRT TE 16.441 
= -  __  - 
. _  - - - 4 5  WRI T E  (6  946 1 
W T T F  1 6 ~ 4 7 )  
DO 4 8  1 1 1 ~ 3  
T T = Y  
I 7 M =  111-1 SUPPL207  
33- W R I T F 1 6 ~ 4 S l  4 N B r I m  r A N B ~ ) , A N T m  1r m m - -  - SUPP L 20 8 
SUPP L 2 0 9  
SUPP L 2 1 0  
SUPPL211 
SUP' L 2 1 2  
SUPP L 2 1 3  
I I F ( - I V S ( I l  GT OMI-1 Y A X I Z I  SUPPL214  
I SLJPP L 2 1 5  
I Y r  A A (  I 1 r AB ( I 1 
-- ___- - 
__- - _- - DO 3 0 1  1 1 1 9 3  - T I = Z * I  
3 0 1  O M S ( I ) = - A N T ( I I )  
I 3  ~ 
- __ . . _- -- - 
D n  7 0  I = l r 2  __  __ . .  __  - . .  
m TO ( 7 1  SUPP L 2 1 6  r 7 Z r I j l  r Y A X 1  
_ _  ~~ _ - -  - - 70  CONTINUE 
63 
7 1  
7 2  
7 3  
7 4  
7 5  
1 6  
. __. 
7 7  
M I D I  = I  1 
SORT ( 1 I =nMS ( ' 4 f i I  1 
DO 77 1 = 1 1 3  
O M S (  I l=SORTlI 1 
OMEGA I I =DSQRT (C HS ( I J 1 
DO 3 0 1 1  = l r 3  
SUPP L 2 1 7  
SUPPL21 A 
SUPP L 2 1 9  
SUPP L 2 2  0 
SUPPL221 
S U P ~ L 2 2 2  
SUPP L 22 3 
SUPP L 2 2 4  
SUPP L 2 2  5 
SUPPL226 
SUPP L 2 2  7 
SUPD L 2 2 8  
SUPDL229 
SUPPL230 
SUPP L 2 3  1 
SUPP L 2 3 2  
SUPPL233 
SUPP L 2 3 4  
SUPP L 2 3  5 
SUPPL236 
SUPP L 2 3 7  
SUPP L 2 3  8 
SUPPL239 
SUPPL256 
SUPP 
SUPPl.262 - -_______._ - ---_ SOR T ( 3 I SO. 
00 4 3 2  J = l e 3  SUPPL263 
SUPP L 2 6 4  
SUPP L 2 6 5  
SUPP L 2 6  6 
SUPP L267 
~._______--- SUPP L 268 GO TO 3 8 1  
5€3 S O R T t l )  =O. s u v p m 6 i T - -  
.64 
3 ~ 1  r)rl 3 8 4  I = l r 3 - - -  SUP3 L 2 7 2  
DO 3 e 4  K = l , 3  FUPD 4-27 1 
3 6 4  9 F L T A i I r K I = A L P H 4 ( 1  r K )  SUP0 L 7  7 4  
CALL A L S O L  13 rOELT4 ,SPRTr3 )  CUPP I275 - __ -.---  
nn 4 3 1  i = i , 3  SUP? L 2 7 6  
4 3 1  GAPMA ( I  t J 1  =SoRT(I 1 SUPP1777 
4 ? 2  CCNTINUE SUPPLZ7R 
WRI TF ( 6 r l l )  SUPDL279 
SlJPPL280 
S A  = S ~ A L S - - *  S ~ L R  + R ~ U  * S ~ L R T - H I E H S  SUP? L 2 9 5  
WRI T E  ( 6 9  1 2 )  ( I  r G A " Y A ( 1 9  1) * G A M M A (  I r 2 )  9 GAMMA( I p 3 1  , I = l r  31 
AMPLU = XUUAVR * (1. - ROVB**3) / (1. - ROVR**41 * l . j ) 1 3 3 3 j j 3 3 3 n 3 S U P P L ? A b  
'33 = SY4LS * S l L R * * 2  + R M  * S2LR**2  * HIGHS SUPP L 2 8 h  
OEL(1 .L )  = X R J V R  *-[l. - ROVB+*4) / (4 .  * (1. - SLAM7 * XB4E3**2)  SUPPL787 
SUPP LZ 8 8 
DEl(lrZt = 2. * <LANZ * T R A B  * D E L I l r l )  SUPPL28Q 
D E L ( L r 3 )  = A L  * (SLAM2 * XBAB S B  - S A  ) / (1. - S L A M Z  * X3AB**2 )SUPPL290  
SUPP L 2 9 1  
D E L I 2 r l l  = A 2  / A 1  * D E L ( l r 1 )  SUPP L 2 9 2  
O E L ( 2 r 2 )  = A2 / A l - * - D E C ( l r Z )  SUPP L 2 9 3  
* R R O B R  * F Y l l  ) - A 
.. . 
A + I3 * HIGH5 * S2LB 
n E L ( 2 * 3 ) =  A2 * ( S L A M Z  * X-BAB * S B  - S A )  / (1. - SLAY7 * X 3 4 8 * * 2 ) S U P P L 2 9 4  
SUPP L 2 9 5  
SUPD L 2 96 DEL(3.L) = - SL4MZ * XB48 * D E L ( l r 1 )  / A 1  
SUPPL298 O F L ( 3 r 3 )  = (BDRR / RRDRR)**Z + SLAMZ * (XBAB * S A  - S P I  / 
SUPP L 2 9 9  
YA I N  
MAIN 
A - R-&-SMXLS *- S2CB 
D E L ( 3 r 2 )  = -2. * SLACZ D E L ( l r 1 )  /mi-- SUPP L ?  9 7  
CMPA(2)  = CMPAVR - 
tii2) = C L V R  
- 
A (1. - S L b Y Z  * XRAB**21 
_ _  
- NDIMC= 6 3  -. - 
cnspsI=  1. 
S I N P S I =  0. - 
TO = ATOVB + ATCVS * COS P S I  + ATSVB * S I N  P S I  
65 
CL(11. = 2. * C L ( 2 )  - CL(3)_.  
P S I  = (BDRR / R R O R R  1 * N T I H E  * D X I  
SUPPL308  
SUPP L 3 0 9  
MAIM 
SlJPPL311 
SUPP L 3 1 2  
S I N  PSI .= S I F 3 f P S I _ ) _ .  . SUPPL313 
cos  PSI = C O S I P S I ~  SUPP L 3 1 4  
T O  = AT3VB + ATCVR * COS P S I  + ATSVB * S I N  P S I  S U P P l 3 L  5 
TO K T R D S R /  QRDSR) (ATSVS * C6S P S I  - ATCVB * S I N  P S I 1  SUPP L 3 1  6 
DO 6 0  K l r  2- 
00 64 I = l r  3 SUPPL31 7 
A + D E L l I r 3 1  * T O T I K )  SUPP L319 
SUPP L 3 2  0 
TOT121 = T O T ( 1 )  
T O T f l l r  TO - ATOVB 
64 SPALL G f I )  = UrNF--**Z * _ I D E L _ (  I r l )  * C L ( K 1  + D E L ( I r 2 I  * C M P 4 ( K ) l  
__ __ . . - _ - - DO 65 I = l r  3 
G CAP119 K )  zr 0. 
. -- 
DO 6 2  I = 1 s  3 
SUPPL32 2 
SUPP L32 8 
SUPP L 3 2  9 
SUPP L 3 3  0 
SUPPL331  
SUPP L 3 3 2  
SUPP L33 3 
SUPP L 3 3 4  
SUP' L33 5 
SUPPL336  
IF I PLOTOP .LT, 0 . )  - 
1 W R I T E 1  6990001 TO, Z r  TOPRr LPRr Y r  YPRI DEL9 SMALLG 
- s_U_PPL341 
SUPP L342 
SUPPL343  
SUPP L344 
SUP P L 34 5 
SUPP L346 
SUPPL347  
66 
l H L l / R  = € 1 3 0 5 / 2 0 X * 6 H L Z / R  = E 1 3 0 5 9  1 0 X t 6 H L 2 / B  =E13 .5 /9Xr  711K 1 / Y 1  =F13 -5SUPPL362  
1 / 9 X *  7qK2  / M 2  =E 13-51 SUPP L 3 6 3  
41  FCRMATI / / 1 0 X s 5 H q / R  =E13 5 r 2 0 X  *6HRR/R =E130  5 / / /  1 SUPP L 3 6 4  
126X;3H-2-D/r  SUPP 1 3 6 6  
46  FORMATI I 1 0  r2030,9) ___  SUPP L 3 6 7  
4 7  FORMAT( lH1  r 2 0 X * * R l C ) T S  OF P ~ L Y - N O Y I A L S ' / / / 3 0 X r ' R L 4 0 F 9  * 6 0 % * ' 2 - > ' / 2 0 X * S U P P L 3 6 R  
SUPP L 3 6 9  
4 9 F ORMA T I 2 f i 2 K K l O X - 9 2  @ K F V -  SUPPL370  
4 4  FFIRYATILHL ,2OX* 'P7LYNQYI4L  C ' Y E F F I C I E N l S ' / / / 7 X *  -_ _ - _  5 H P ~ W E 9 r l Z X * 5 i 3 L t O E * S U P D L 3 S S  
14HRE AL 9 2 1 X r 4 H  I M AG 13 1 X 94 HR EALr 2-1 X 9 4H1 HAG/ 1 
1 2  FORMATI I  1 0 ~ 3 E 2 5 o S I  SUPP1.373 
4 @ 8 FOR M A  1 I lXl-*% %,1H[rTX *3R-%EGA 4 X  9 9 HBET A I  l e 1  ) 4 X  9 9k.R E TA I I 9 2 1 ' tX  9H HE SUPP L 3 74 
1 T A ( I  931 r 3 X r l O H A L P H A ( I  . - 9 1 1  r3X91_OHALPHA( I r 2 1 r 3 X r  lOHaLPCA(  1 9  3 ) *  9Xt3HCHSUPPL375 
l K / / ) -  SIJPPL376 
4 @ 9  FORMAT(: 1 0 9 8 E 1 3 0 5 )  SUPP 1.3 7 7 
l 4 H S A  = E 1 3 . 5 r l O X * 4 H S B  = € 1 3 * 5 / l / )  SUPPL379 
721-FORwAT( / / I t  OK vSHFR1 ~ E L 3 ~ 5 r l O X ~ S H F R 2 r E L 3 - 5 r  lOX15HFR3 = E l 3 . 5 / / 1 0 X r  SUPPL378 
_--- - . -- 
E-ND 
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SUPROUTI NE - 3 m S  
INPLICIT  REAL*^ ( ~ - H , I ) - z )  
SETUPS 1 
SETUPS 2 
SETUPS 3 
SETUPS 4 
SETUPS 5 
SFTIIPS 6 
SETUPS 7 
SETUPS 8 
SETUPS 9 
SETUPS10 
SETUPS1 1 
SETUP 51 2 
SETUP S 1 4  
SETUPS15 
SETUP 51 6 
SETUPS1 7 
SETUPS18 
SETUP S 1 9  
R V R I  63) 9 SETUPS20 
SETUP 52 1 
t SE TUPS2 2 
--/INPUTS/ TeLy- N Z 9 NOFFt NGAM, V S I G I  SETUPS23 
NCnI * NCOROs _ _ _  LOAERI YsTnP, MBXT, Y'lTR, SETUPS24 A 
R NOTRL e I NDV, E LS I-Gv oxr t  RERI ROBBI SETUPS25 ~ _ _ ~  _____ 
ALPHl-r - 4LPH29  SETUPS26 C F R Z  9 ARRt ACPLU, FREQUI 
Q HEAVE \ROT 9 FREQF, PHI: ti-- N Y I  R Y l r  SETUPS27 
___ - 
X U ( 3 0 ) r  Y U ( 3 0 ) r  SETUPS28 E D R Y t  Y t 1 0 0 ) r  _ _  TEST, UPRIM, 
BDRR, SETUPS29 F X L ( 3 0 l e  YL(331; ER1, ER2r  ER3r  
G RRDBR SE TUP 53 0 
H, 
J NOUT 
~ 
HPAv CMPAS, RARG, EMl<-HVOR, M O R *  SSPA, SVORI TORFI XlVOR 
__ 
- _ _  I *  PLOTT)P* P S I L O H I  P S I U P  - -  - 
- _. CALL  S E T U P ( ' A L M A 2  ' 9 4 9  f iLPH2 1 c ALL! , t  __ 
CALL  SETUPt'ARR ' 9 4 9  ARR 1 
C A L L  S€T= AROT-- - 1 
1 C A L L  SETUP( ' ATOVB 
C A L L  SElUP4'ATCVB ' *+* rtcva 1 
I 
C A L L  SETUPt'ATSVB 9.4' ATSVB 1 
C A L L  SFTUPt'BDBR BDB R 1 
- 
- ~ -- ' v k t -  ATOV B _I 
- 
CALL SET- ' & *  BARG 
H P I  li- - -  --J------- - ' 9 4 9  C W  ._ 
6 8. 
SE TUP 53 1 
SETUPS32 
SE TUPS33 
SETUPS34 
SE TUPS3 5 
3FTUP53b - 
SETUP 53 7 
SETUPS38 
SFTU P 53 9 
SETUPS40 
SETUP S4 1 
SETUP 542-- .- -- 
SE TUP 543 
SETUPS44 
SE TUP 54 5 
SETUP 546 
SETUP 547 
. .  
S E TU P S4 8 _ _  ._ 
C A L L  SETUP! ' C 3 F 4 S  
C A L L  SFTUP( '3 IDRV9 
CALL SFTUP( '0 r lY  
C 4 L L  S F f U F t  'hT-- 
CALL SETUP( ' F L S I G  
CALL SETUP(*EMf 
CALL SETUP( * f R 1  
CALL SFTUP(*ERZ 
C A L L  SETUP 1 * n E L v a  
CMPAS 
OELVB 
O I D R V R t  64 
D R Y  
ELS IG 
EM I 
~ ER 1 
FRZ 
_ _ _ _  - ._ 
o x  I 
CALL SETUP( 'ER3 * r 4 t  ER3 
C ALL SEmPT'FPVB- * t 4 r  FPVBt  64 
C I L L  SETUP('FPPRVR ' 9 4 9  FPPRVRt 64 
C A L L  SETUP( * F R Z  * r 4 t  FRZ 
C A L L  SETUP( 'FREQU ' r4  pfKEQtJ 
CALL  SFTUP( *-f7dEEF--i ~ 4 ,  FREQF 
CALL  SETUP(*FTVB * r 4 r  F T V B r  64 
T K L L  SET UPf 'FO VB ' 9 4 9  FOVB 
CALL  SETUP( 'HEAVE * ~ 4 r  HEAVE 
C A L L  SETUP( *HVOR - -- * 9 4 9  HVOR 
C A L L  SETUP( ' I N D V  *&*  [Nom- 
C A L L  SET-UPI%-LmER - - -  t 4 t  CCWER 
C A L L  SETUP(*HAXT * e + *  YAXT 
X A L L  S F T U P I * M r l T S  * t 4 s  CCTR 
T A L I  S€lWP7*YVB '94' MVR t 64 
CALL SETUP ( * MSTOP * 94 r CSTOP - 
C A L L  SETUP ( NCOI ' 1 4 1  N C n I  __ - 
C A L L  -STTUT( * NCflRD * ,4 9 hCORO 
C A L L  SETUPt'NGAH * . 4 .  hGAW . .  
C A L L  S E T m  NOPF 'e49 hOFt- --7 
CALL SFTUPI 'NOTRL a 94, RCTBL I 
) C A L L  SETUP('YSBL * 94 9 kSBL 
T A L L  St TUP( '  N S I G  ' r 4 r  hSI  G 1 
- € A l l  SETUP ( ' NOUT * r  4, " J V J  ~ 
-. 
C A L L  SETUP NVB * r  4~ MB) 
C A L L  SETUP('NV0R * 94 t NVOR 
7- - 
CALL SETUP ( ' RVB * e  4 9  RVBr 64  
C A L L  S E T  UP( * R n R R  ' r 4 t  RDRR 
1 
r 
C A L L  SETUP( * RFB ' r 4 9  REB 
C A L L  SETUP('RRDBR ' 9 4 9  RRDBR 
C A L L  SETUP( 'QOVO ' ' 4 9  ROVB 1 
C A L L  S E T U P I * R Y l  * r 4 t  RY1 7 
1 C A L L  SETUP(*SSPA * r 4 9  SSPA 
C A L L  SETUP( 'TEST ' 9 4 1  TEST 1 
C A L L  StI- ' r 4 r  -I-- 
C A L L  SETUP( 'UPRIM * 141 UPRIW 1 
C A L L  m R  . * O r  XLVCR I 
C A L L  SFTUPt  * XL ' r 4 r  X L t  30 1 
___ 
_ _ _ ~ ~  ~ 
- T - - ~  
._ .-c-* r 4 t  sv- 
- 
A L L  S t T U P ( ' m V B  " 4 '  X W R t  64 7- 
SE TUP 54 9 
SE TU 3 C 5  0 
SE TU 0 55 1 
SFTU P q 5 2  
S E T J P S 5 3  
sc TUP 554 
SF TUP 5 5 5  
SE TUD 556  
S F T J P S 5 7  
SFTU PSSD 
SETUP 55 9 
SF TOP 5 6 0  
SE TUP 56 1 
SE TUP S 6 Z  
SETUPS63 
S E  TU P 564 
S t T l l P  S65 
SETUP 566 
SETUP S6 7 
SFTUPS68 
SE TUPS6 9 
SETJPSTO 
SETUPS71 
SETUP 572 
SF TUP 573 
SETUP 574 
SFTU P 5 7 5  
SE TUPS76 
SETUPS77 
SFTUP 578 
SETUPS79 
SETUPS80 
SE TU P S8 1 
SE TUPSRZ 
SETUPS83 
SETdPS84 
SE TU P S 8  5 
SETUP SA6 
SE TUP 587 
SETUPS88 
SETUP SR9 
SETUP S90 
SETUP S9 I 
69 
_- - - - . - _. PLOTOP = 1. 
YOUT= 0 
E ND 
-70 -- 
SETUPS92 
SFTUPS93 
SETUP 5 9 4  
SETUP 595  
SETUP 596 
S E T U P S 9 7  
SE 1 J P S 9 8  
SETUPS99 
SE T U P 1 0 0  
SF TUP 10 1 
SETUP 1 0 2  
SFTUP103 
SF TU P 1 0 4  
SE TUP1 05 
SETUP 106 
C 
C PROGRAM F O Y  INALY-Z-IYG LPMrRLR-ANO 1 JRBULEYT BOUNI'AQY L I Y E R 5  
C R Y  THF MFTqOD OF F I N I T E  D IFFFRtYCFS.  IF THE I Y T C G E R  L A M 9  
C I S  GREATFR THAN LERCv THE RCUNnARY L A Y E R  IS LAYINPR.  
H L t  
91c 
ucc 
R LC 
R L t  
OLT. 
B L t  
a L c  
aLc 
DlC 
0 LC 
81c 
R L C  
O I M E h S I I N  C 4 P G ( L 0 3 1  rC4PH( LOO) t C 4 P J 1 1 0 0 ) t C A P K t  L O O )  RLC 
DOURLF PRECIS1  CN AP ( 1 0 0  1 9 RP( 100 1 r C P I  1 0 0 1  DP( 100 I *  FP 1 1 3 3  ),UP ( 1'10) BLC 
1 0  F O R M A T ( l H 1  t 4 1 X 9 3 6 H  ANALYSIS OF LAMINAR BOUNIlAKY L A Y E K / / / S l K *  1 2 H T I S L t  
1 M E  STEP N ~ I 3 / / ~ 1 X ~ 1 2 H t l E 5 4 T I O N  N O I 3 / / / 4 X , l H M * R X  , l H X t  13X v L H X C t l Z X * L R L C  
lHUE t 10Kt6H-DP/DX*9X r5HDELTAr9  XI SHDISPL, 9 X  9 5HTHETAv 9 x 1  5 H  SHE4 4 I )  RLC 
11 FUWET7I:HL r 4 1 X t 3 6 H A Y A L Y S I S  OF TURB ULFNY BOUNDARY L A Y E R / / / S L I ,  1Z t iT IRLC 
1 M E  STEP N O I 3 1 / 5 1 X t l Z H 1 1 E R A T I f l N  h ( f l 13 / / / 4X9  1HM98X t 1HXV 13x9 ZHXC,lZX,ZRLC 
1 Y UE ; IUX-, 6R-7m7b 1( 9 9 X v 5HbELTA* 'TX t 5 HD IS P L 8 L C 
3 ' I ' / l  
9 X 5 HT HE T A v 9 X r 5 H  S HE4 i 4X 9 
- 
1 2  F O R r d f T f 5 ; 8 F 1 4  - 4 r I 3 )  
2 0  F O R Y A T ( L Y 1 * 2 K r 3 H M  = 1 4 / / 2 X * 3 H X  = € 1 4 . 5 / / 2 X t  4HUE =E14.5, lOXt17t4- I  1 /4BLC 
IH- X )  = E 1 4 * 5  r l  OXvSHRtR €l4 5 IUKt 4M.J =E 1 4 5/ / / I aLc 
2 4 F ORMA 1 ( 2x1 2 5HPH Y S I C AL DELTA =E14.5.8Xt 12HOECT4 S T A ?  =E14.0LC 
15 r 8 X v J " F T ' X  I t  14 .5  / f m A T R A N S F O R H E D  DELTA =F14.5,8Yt lZHDEHLC 
l L T A  STAR =E14.5 r8X97HtHEfA = E 1 4 . 5 / / / )  BLC 
2 1  F U F i v  r l 9 X r l ~ , A 9 X , l H V ; L ~ X ~ 5 H I X 1 / D Y  t 14Xv 6HNIJE/NLJ/ I B i t  
2 2 R LZ 
Z TJ -- -m A T [ / /3 0 X 9 1 7 HTFPXRXTTFJ A T  X s t l I . 3 , T  KC =EL3-51 0 LC 
2 5  F O R M A T 1 / / / 4 0 % , 1 2 H ~ A L L  SHEAR = E 1 4 0 5 / /  R L C  
30  F O R 4 R T ~ / ~ ~ [ T X ~ l ~ I C N  A T  X =€r4.51 RLC 
35  FORMAT( / 2 0 X * 3 5 H S C A L E  CHANGE - Y-MAX I N C R E A S E D  FROME12.49 3H TOE12.4BLt 
BLC 
8 1 0  F O R M A l ( l O X * 7 H 4 1  S T E P I 3 p 2 2 H q  THE WALL GRADIENT ISE12 .41  R LC 
0 5  f3 L2 
R LC 
F ORMAT t 1 OX t 5E2 0.5 1 
_- - TTI -- 
_ _  - - -.__ 
__ _ _  FCOY = 1./ (2.*DXI 1 7 I S T D  0 .  N t  1) GO TU 900 
D X I  =I .E30 
BCUY=O. 
FCOh(= 0. 
_ _  
-_ - - 
--  -m r p  E 
MOUT =6 B LC 
4 ~ s - l  B LZ 
BLC 
BLC 
Y SURZ=Y (2) 
A s n =  Y S T  - 
RLC M S T 1  =M ST-1 
- .  - 
____ -. - - rnmr--mrmr * L  - . -  
__ - __ - - - P(ST1 MO= MOD( HST l  t N O U l l )  
m i x 1  r=o 
1 
7 
c) 
1 0  
1 1  
1 2  
1 3  
14 
1 5  
1 6  
1 7  
18 
1 9  
2 0  
2 1  
2 2  
23 
2 4  
2 6  
2 7  
2 0  
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
5 1  
52 
3 9  
40 
4 1  
4 2  
4 3  
71 
5 4 3  
5 4 4  
5 45 
5 5 0  
4 1  
5 0  
GO Tr! 5-50 
WRITEIMOUT,~~) ~ V T I Y E ~ Y I T S  
C.CNT1 NUE 
YTR = S Q R T t R E R )  
U C ( 1 r l J  = 0. 
V ( l * l )  = 0. 
NV = “I: .2-- - _ _  ._ . 
NVMl = N V  - 1 
NVP1 = Y V  + 1 
C A L L  
DO 4 1  N = l r N V P l _  
U I S C ( N 9 1 )  1 1. 
YOIFF (NYvALPH4rBET A*CAMMA*DELTA* S D ~ S E , S F ~ C ~ I C ~ ~ C ‘ ~ I  Y 1 
V I S C ( “ 4 . 2 )  = 1. _ _  
L = VSTl -Y+2 _ _  
- _ _  
DC 42 M = M S T ~ I M S T L  
00 5 0  N = l * N V  
aLc 
BLC 
R L t  
s L2 
R L C  
RLC 
BLC 
R L C  
B L t  
R L: 
RLC 
BLC 
RLC 
BLC 
B L Z  
RLC 
B L t  
BLC 
BLC 
B LC 
R L C  
B L t  
R LC 
aLc 
a LC 
C A L L  SE 1 I T ( LAMQ 9 MINV *RE B 9 X * Y  9 UC 9 PRESS 9 GRAD9 DELT v DISP, THETA9 V I  SC t YTBL3 
-+ iR aN r- BLC 
4 2  CONTlNUE _ _  
MEND1 = MEND - 1 PLC BLC 
BLC 
BLC 
BLC 
8 L C  
C -~ - - - _ _  RLC- 
DO 9 9  M=MSTlvMEYDL B L t  
B L 3  I TER=O 
~ L L G = O .  BLC 
BL: MPl=M+I - 
BLC D E L T P  = DELT/YTR 
___ _ _  - 
. _ _ - _ _  
4 4  
45  
4 6  
4 7  
4 8  
49 
5 0  
5 3  
5 4  
55  
5 6  
5 7  
5 8  
5 9  
6 0  
6 1  
6 2  
6 3  
6 4  
6 5  
6 6  
6 7  
6 8  
6 9  
7 0  
7 1  
7 2  
73 
7 5  
7 6  
7 7  
7 8  
7-9 
B O  
8 1  
8 2  
8 3  
8 4  
74 
D I S P T  = DISP*YTR - - -  B L L -  85 
THE T 1 = THETA *VTR B L t  86 
SHEAR = G R A D ( l ) / Y T R  BLC 87 
. ___  
I F (  HODlM9 NOUTl).NE.--M~TIMD) GO TO 225 
72 
BLC 8 8  
BLC 8 9  
8LC 90 
BLC 91 
BLC 9 2  
BLC 93 
BLC 94 
- _ _  __  
BLC 9 5  
--BLITT --9K-- 
C ALL TRANS [ IJPR I H 9 PRESS e T HETAI RER 9 UCI NY * FL AM9 X FL APr C A Y Q  1 _ _ _  - . _  
fFK&MQJ 805 e805 r R O l  
~ - _  635 VAR2(N)  = V I S C t N e 2 )  
m b Y = 2  r N V P l  
D L C  99 
occ  1 0 0  
RLC 132 
OL3 103 
B L t  1 0 4  
RLC 105 
RLC 106 
HLC 107 
BLC 100 
RLC 1 0 9  
BL3 1 1 0  
R L r  111 
BLC 1 1 2  
3Lt 1 1 3  
RLC 1 1 4  
R L t  1 1 5  
RLC 116 
BLC 1 1 7  
RLC 1 1 8  
R L Z  119 
BLC 1 2 1  
RLC 1 2 2  
DLC 1 2 3  
RLC 1 2 4  
R L t  1 2 5  
B L 3  1 2 6  
BLC 1 2 7  
RLC 1 2 8  
BLC 1 2 9  
R L t  1 3 0  
RLZ 131 
RLZ 1 3 2  
BLC 1 3 3  
RLC 1 3 4  
RLC 1 3 5  
BLC 1 3 6  
R L C  1 3 1  
5LC 1 3 8  
BLE 1 3 9  
BLC 140 
BLC 141 
B L t  1 4 2  
R L C  1 4 3  
a L t  1 2 0  
73 
_- 
Y I N  = Y(N)  
CALL T€RP 
V I S C ( N r 1 )  = UPAS1 
Y I h( 9 Y R 1  r V  A R 1  r NV P l  9 U PAS 1 1 
CALL TFKP( Y I Y c Y B l r V 4 R 2 r  N V P l r U P q S Z !  
636  V ISC- tNrZ )  = UPAS2 
7C1 nC 631 N = 2 r Y V P l  
V A R L  IN) = V ( N r 1 )  
E37 VARZtN) V ( N r 2 )  
DO 638 N = Z * N V P l  
Y I N  = !NL.-- 
AL L TE RP ( Y I N r Y R 1  cV A R 1  r NV P1, U PAS 1 1  
V ( N r 1 )  UPAS1 
CALL  TERP ( Y I N r Y R 1  r V  4R2 r NV P l r U  PAS 2 1 
638 V(N.2) UPAS2 . . 
6 4 1  CCNTlNUF--' 
C 
c R r - S c A m G  CALCULATICN EhOS KE-T 
C 
C 
C RTCXR-STON RELATICNS ARE SET U F H E R E .  
C 
- 
C ALL PGx4D m x U E - r  0 X I r P R  ESS 1 S 4r S R 1 SC S RI S S 1 
- - - - . - -- 
I F  ( I S T D a E Q o  11 GO TC 8 2 0  
I F  (SCALE ( M + l r  1 )-lo) 
5 Z L r ' F (  SCALE ( M + l r  2 1-1 1 
522 r522r  521  
522 9 5 2 2 7 5 2 3  
. -. 523 LACKU=Z . .. 
D O  610 V N z l r N Y  
HLC 144 
BLC 145 
BLE 146 
RLC 147 
RLC 148 
BLC 149  
B L t  150 
6LC 1 5 1  
RLC 152 
RLC 1 5 3  
BLC 154 
RLC 1 5 5  
RLC 156 
B L t  157 
RL; 158 
R L f  159 
BLC 160 
SLC 161 
BLC 162 
BLZ 163 
B L t  164 
_ _  R L C  165 
BLC 166 
BLC 167  
R L C  168 
R L C  169 
BLC 170 
RLC- 171 
BLC 172 
R L C  1 7 3  
B L t  174  
. -  
eLc 175 
C ALL Y SE T ( SC A L E  P+ 1 r 1 1 9 Y S U 82 r NY r Y E 1 I 
, B LC 1 76 
CALL Y SE T t SCALE f H * l  9 2  1 YSU 82 r NY r Y  B 2 )  BLC 1 7 7  
8 2 0  DO 88 N s 2 r N V  BLC 178 
- 
CALL C A P S ~ I T E R ~ N ~ C A P G , C A P H ~ C A P J ~ C A P K ; S R ~ S S ~ S D , S E ~ S F ~ V I S C ~ V ~ U C ~  BLC 1 7 9  
-7 4 
HLC 1'17 
?LC 19:i 
S L f  193 
BL: ?07 
Y L T ,  2131 
HLC 207 
81.: 2 0 4  
HLS 2 0 5  
HLZ 23h 
R L t  2 0 7  
3LC 2 0 0  
RLC 2 3 9  
U L Z  2 1 0  
RLC 2 1 1  
hL=. 2 1 2  
RCC 2 1 3  
RLC 2 1 4  
BLC 2 1 5  
R L t  2 1 6  
RLZ 2 1 7  
8 L t  2 1 8  
BLC 2 1 9  
3LC 2 2 0  
RLC 2 2 1  
a L c  2 0 1  
- 
RLC 2 2 2  
B L t  2 2 3  
BL: 2 2 4  
R L t  2 2 5  
RLC 2 2 6  
QLC 2 2 7  
55  VINI 1) = V ( N - l 9 1 ) - . 5 * ( Y  IN1-Y ( N-1) ) * ( S A * ( U C ( N *  1) *UC( N-19 1 ) 1- 'i9*( UC( BLC 2 2 8  
9LC 2 2 9  1 N 9 ZIiUC { N-1 921 1 +SC+ [UC( N v3 1+UCI N -T,3 i T 1 
GRAD (1) = C 2 * U C ( 2 * l  ) + C 3 * U C ( 3 *  l ) + C C + U C ( Q r  1) RLZ 2 3 2  
- c m - ! F n n - L  ~ ~ X ~ Y ~ U C ~ ~ X E Y I U C ~ R A D ~ D E L T ~ D I S P ~  T H E T I * V I S C * B L C  2 1 3  
-__ - 8LC 2 3 4  
TT€R=I T t  P .+ 1 O L C  2 3 5  
1 M TR AN 1 
RLC 2 3 6  
ALC 2 3 7  
B L t  2 3 8  
BLC 2 3 9  
BLC 2 4 0  
BLC 2 4 1  
BLC 2 4 2  
ELC 2 4 3  
RLC 2 4 4  
BLC 2 4 5  
BLC 2 4 6  
BLC 2 4 7  
75 
-__ 
4 8  b S A V I M + l  r N ) = U C I N , l I  
SC AL S I W 1 1 = R Y  
9 9  CONTINIJE 
y SF P=! *1__ __ 
l I S E P = U E l M X r l )  
2 2 2  CONTINUE - 
R E  TURN 
E NO 
OLE 2 4 9  
BLZ 2 5 0  
R L C  2 5 1  
BLC 252  
RLC 2 5 3  
BLC 2 5 4  
-76- 
CALL E Z P L 3 1 1 9 o  9 N1 T N l *  P P I 1 9 2  ) e  L T - Y 1  '42 . . - 
1 , N42 v 1 9' ' t 12 p ' PSI-DEGREES' 8 T ORD( 1 )  
77  
1 N 4 2 - -  - 9 - 1  r *  ’ r 1 2  r ’ ’ 1 8 Q R D f  4, 
2 9 NFP r N1 t XL %U r N1 r YL 9 YU r N l r  NOS Yl) 
RE TURN 
E Nn 
6 
7 
9 
0 
13 
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  ’ 
22 
2 3  
2 4  
2 5  
2 6  
2 7  
2R 
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 9  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4A 
4 9  
5 0  
5 1  
5 2  
5 3  
54  
79 
5 5 t F ( UF ! M.1 1 -BAG i 5 o , i o ,  R 1 
e l  CCNTINUE 
80 
STAS 5 5  
STA; 56  
STA; 5 7  
STA; 5 8  
S T 4 G  5 9  
STAG 60 
STAG 4 1  
STAS 6 2  
'STAG 63 
STAS 64 
STAS 6 5  
STAS 66 
STAG 67  
STAG ,68 
STAS 6 9  
STAS 79 
81 
_ _  
SUBRtlUT I NE IJNPOP t NC, AM P AR 9 ALA9 9 A FACT, R '4 AT 9 CY AT v X GAP 9 A S  9 A CAP 9 11 Y 9 N Z 9 NUNJPD P 1 
I F  9 X S  I C  9 9r A P t TH I CK 9 R DR9 9 U I YF* I( C 9 U F I 
1 SCAP_(_lOOj3LvTH I C K ( 2  4 1 9 x 5  (3 OO! 9 JE I 3009 3 1 
UNPJP 2 
UNPOP 4 
DCURLE PRECIS ION RYAT (130) r C M A T ( 6 0 r 6 0  1 UNPnP 5 
NGPl  PNG 4 Y t  1 UNPOP 6 
SUB=AR(Y)-ALAM(M) *AFACT/3. UNP3P 8 
R FAT { M I  =SUR U N P l P  9 
C C A T  ( M I  2 1 XG 4 Y  ( H I UNPDP 11 
DO 5 N*2 *NGAh(. UNPOP 1 2  
5 CPAT(Ye" I1  ) P A S (  M , V I  lJNPOP 1 3  
UNP2P 1 5  
UNPDP 16 
UNPOP 1 7  
UNPOP 1 8  
UNPnP 19 
UNPYP 2 0  
l M l r U N P 3 P  2 1  
UNP3P 2 2  
UNPOP 2 3  
UNPOP 2 4  
UNPOP 2 5  
DIMENS1 3N AR( 301 rPLAC(3019XGAHI  30 1 VAS 3093019  ACAP( 3 0 ~ 3 1  v X S  IS( 133) 9 UNPOP 3 
D O  5 M = ~ , N G P ~ -  UNPOP 7 
c MA T ( w> 1 ! = 1 0- - . - - __ - uwnp i o  
u w n p  1 4  c A LL A L  s CL t NGPL, CM $1. RY A T  ) 
00 10 N = l  t NGPl 
1 2  SIGN=--IJN 
1 4 C ALL QE Z A L  I 0 p NG AFe-iGA%,N F ,  XS IG 9 AC A P 9 BC AP s T H I CK 9 ROB B 9 0.9 U IN f 9 X 
_-- lUE(M.11  ( S I G N )  ~ 
1 5  CONTINUE 
END RE TURN 
.82 
L ~ 
5 
1 0  
1 5  
20 
2 5  
9 s  
125  
150  
SURROUTINE A L 3 0 L f Y T p  C (  R l  
DCLlBLF P R F C X S I O Y  C Y D I Y C I Q O I M C ) ~  4( 133) 
DVUR L C PREC I SI PN C Y  n X  rS AV E p SU V 
83 
SURP nUTI NF C p c ( I S F . P  NGA M r  NFr X S IC* NS I G *  X S IGAr  NS I G A 9 X S I G 8  9 Y S I C 3  9ACAPCPC 
CPC 
D I U E N S I  X S I C ( 1 0 0 1  r X S I G A ( l O O J r X S I G B (  1 0 0 ) r A C A P (  3 0 r 3 ) r R C A P I  100.3) CPC 
1 BC APc T q I  CK *Rr)BR rG?IMAWrU INFIUDOTV S ICY, XCr DX I *  CP 1 
CPC 
CPC 
REC I P= 1. / ( I f 1  NF*U I nJF 1 CPC 
$lrM=O. c PC 
A NGL F =O c PC 
Df! 5 N = l  *NF r, P t  
A NGLE =A NGLE+JyJT - _ _  CPC 
5 SUM=SUM+T~ICK(N) *ens (~NCLFI- c PC 
CP=UDflT*RFCIP? t T H I C K (  1) + % a * (  1 a-XC 1 + S U Y )  c PC 
CALL  O E S A L ( I S E P ~ ~ C , ~ M ~ N S I C J ~ N F ~ X S I C I A C A P ~ B C A P ~ ~ H I C K ~ R C R H ~ G ~ M A ~ ~ (  1 ) r U I C P C  
1 P1F * XC r U  r SI GNl_- CPC 
CP=CP+2. *(SIGh(*U/tJINF-l .  1 c P t  
C A L L  E C d M I  (1  rh(GAC*AsAPtI)C4P!-lr  1 1  t XS I C  ( 1 ) v  X S I G (  Y S  I G + l  J 9  SAMAM( I ) 9 XCrCPC 
1 V A L l  J CPC 
C A L L  F G d Y l ( ~ G A P ~ A C A P r R C A P ( l , 2 l  r X S I G A l  l ) r X S I G 4 ( N S [ G d + l  )rG4YAW( 2 ) r C P C  
1 XC *VAL2 1 CPC 
CAL-L E G A M I  ~ 3 r N G A ~ ~ A C A P r _ B C A P ~ l r 3 I r X S I G 8 ~ 1 ~ r X S I G B ( Y S I C 9 ~ 1  ) r C A Y I W (  3 ) r C P C  
1 X C r V A L 3 T  CPC 
- C PxC P+  SI GN*RECI P* (  l a 5 W  ALL-2  * J  ALZ+CS-TVAL 3 ) /OX I 
I F  ( I  SEP) 2 0 r 2 0 r l O  
10 C A L L  F S I G I  ~ l r N S I G r X ~ l ~ G r _ B C ~ P r X C r V A L 1 l  
t A L cESm I 2, NS 1 G A * XS I SA w RCA P X C I V AL 2 1 
CALL E S I G I  ( 3 r NS I G8-r XS I G  8 r 9C AP X C r V 4L 3 1 - 
C P = r P * m * ( l . S * V A L l - 2  .*VAL2+.5*V AL3 )/OX I 
_- 20  CP=-CP 
RETURN 
END 
_ _  
-84 - 
- -  
c PC 
c P: 
CPC 
CPC 
c PC 
CPC 
c PC 
c P: 
1 
2 
3 
5 
6 
7 
R 
9 
1 0  
11 
12  
1 3  
1 4  
1 5  
16 
1 7  
1 8  
19 
2 0  
2 1  
22 
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
4 
C L C Y  
CLCM 
1 
2 
3 
4 
5 
6 
7 
n 
4 
10 
1 1  
12 
1 3  
1 4  
1 5  
Lh 
1 7  
1 3  
19 
2 0  
2 1  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
30 
3 1  
33 
3 4  
3 5  
3 6  
37 
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
46 
4 7  
48 
4 9  
5 0  
5 1  
5 2  
5 3  
5 4  
. 
L- 
-.- 
31 
38 
85 
c M=C c- ( Y I P i-<T* f F Y I PI + F +J I 1 
X I  = Y I  P 1  
F L I  = F L I  P 1  
C L C Y  
C L C M  
c L C Y  
CI,ZM 
C L C Y  
on 16 I=L,ZL C L C V  
C A L L  CPC I 1  S F P r N G A Y r  1 r X S  I G r  Y S  I G r  X S  I G A r  N S  I G A t X S I G R ,  N S  I G R ,  A C A P  9 B C A P  r T C L C Y  
l H I C K  RD9R r G A Y A W  r lJ1 VF t U D O T  9 1 .O r X  I P 1  9 DX I r C P U  1 C L t V  
C A L L  C P C f I  S E P r N G h Y r l  r X S I G r N S I G r X S I G A r  N S I G A t X S I C R r N S I G R r  A C h P  p B C 4 P r T C L C M  
1H I C K  r R D I ) B r G A V A W g  U I  YF r l l D n T  r -1  r X  I P 1 9  OX I v C P L  1 
A R G L  ( 1  ) = C P L - C P U  
A R G M (  I ) = X I  P l * A R G L (  I ) 
SUML=O. 
SUMV=O. 
D O  1 7 . L = l r 1 9 r ?  - 
S U V L = S U Y L + Z  . *ARG L f I ) +4. * A R G L  ( I +  1) 
1 6  X I P l = X I  P l + . 0 0 1 2 5  
1 7  SUPM=SUYM+Z. *ARGY( I  )+4 . *ARGM(  I+l) 
CL=CL+0.833333F-3*(SUML+ARGL(Zl)-ARGL ( 111 
C M=C M20.8 33 3 33 E-3 * ( SU-YW+ 4 RGP ( 2 1 1- ARGM f 1 1 1 
RCOV=16 .  * R C 4 P  f 1 r 1 * S O R T  f 5 E-G* I X ATT-X S IC( 1 1  1 ) / U  I N F  
C L=C L+RC ON ~ 
C C = C M + X A T T * R C f l N  
C L C Y  
C L C Y  
c L C Y  
C L C V  
c L C Y  
C L C M  
C L C M  
C L C M  
C L C Y  
C L C M  
C L C Y  
C L C Y  
C L C M  
c L C Y  
C L C Y  
CLEM - 
- A N G L E = A Y G ~ E + D T  - ~ C L C V  
X I P l = - C O S ( A N C L E I  C L C Y  
CPC ( I  S E P r  N G A Y r  1 rXS I G r  NS I G t  X S I G A r  N S I G A r X S I G S r Y S I G R *  A C A P  r R C 4 P r T C L C M  
C L C Y  
CPC (1  S E P t  N G 4 H t  1 ,XS I GrM I GI  X S  I G A r  NS I G A r  X F  I G R r  N S  I G B r  A C 4 P  r R C A P  r T C L C Y  
C L C M  
- - __ - - C A L L  _. 
C A L L  
1 H I C K 9 1 DR R 9 G A  M A W  r U I  V F r UDnTy1.3 r X I P 1 t DX I r C PU 1 
1 H I C K r R D D R  r G A Y A W  r U I N F r U D O T s - 1 .  r X I P l r  DX I r C P L )  
F L I P l = C P L - C P U  -. _ _  
F M i P l =  X r P  1 * F L I P 1 
CL=CL+(XIPl-XI)*fFLIPl+FLI) - - _.. __ 
C M = C H t ( X I P l - X I  1 * ( F M I P l + F M I )  
. . ._ 
= X I  p 1 _ _ _ _  
FLI =F L I PI 
9 9  F!l=F!!!P1 -~ 
100 C L P .  25*cL- 
C L C M  
C L C M  
C L C M .  
C L C M  
C L t Y  
C L C M  
C L C M  
C L C M  
C L C H  
C L C Y  
M A I N  C L V R  = C L  
C M V B  = C M  M A I N  
M A I N  C M P A V R  = C M P A  
E ND 
_ _  
_- - - - - __ .- - - - - - . - . - - - - 
- -TURN c LC-H 
5 5  
5 6  
5 7  
5 8  
5 9  
6 0  
61 
62 
6 3  
64 
6 5  
6 6  
6 7  
6 8  
6 9  
70 
71  
7 2  
7 3  
74 
7 5  
7 6  
7 7  
7 8  
7 9  
8 0  
8 1  
82 
33 
84  
8 5  
86  
87 
8 8  
89  
90 
91 
92 
9 3  
94 
95 
96 
9 7  
9 8  
1 
3 
't 
5 
6 
7 
!3 
r) 
7 
C OUN T=C QUN T+ 1 
A NG L F = TY E T 4 *T',nlJN T 
10 
(3fC4L 1 0  
OEChL 1 1  
JECAL 1 2  
3EC4L  1 3  
QEC.AL 1 4  
QFC4L 1 5  
QEC4L 1 6  
3EC4L  1 7  
iQEC4L 1 3  
SEC4L 1 9  
QFC4L 20 
QEC4L 2 1  
87 
Y VR 1 
YVR 2 
Y VR 3 
FPPRVR( 64 ) 9 01 OWVY ( 541 t YVB 4 
FOVRr XYUAVRp YVB 5 
6 
Y VR 7 
Y VR 8 
YVD 9 
R V R ( 6 S ) r  YVd ROVBr 
yve io 
YVA 11 
Y ( 5 )  = F P V B f I )  * F T V R ( 1 )  * X Y V R t 1 )  * MVRt I )  YVR 12 
Y(61 = RVR(1 )  * (DELVR - R V S ( I ) ) *  MVR(1 )  YVR 1 3  
Y ( 8 )  = I R V B I I )  - DFLVRI  * F P P R V R l I l  * F T V R I I )  * X M V R f I )  * ‘ l J R ( I I  YVR 14 
I P l  = I t 1  YVR 15 
IF~IPI .GF. NVR)  G Q  i n  1_2 yve 16 
SUM 0. YVR 1 7  
DO 10 J = I P l r  NV9 yve 1 8  
10 sun x sun-;----- t H V R t 4 + 1 )  - R V B t 4 1 1  * t R V R 1 4 + 1 )  * Y V B ( J + I I  YVB 1 9  
A + R V S f J I  * - Y V R ( J J )  YV9 2 0  
1 2  Y ( 7 )  = F P P R V B ( 1 )  +I 2 * SIJH / 2. YVB 2 1  
YVR 22  RE TURN - - -  - 
END 
88 
C 
C 
P l l L L Y  1 
POLLY ? 
?OLLY 3 
P S l L Y  5 
POLLY 6 
POLLY 7 
PDLLY 9 
PQLLY 9 
P n L L  Y 10 
P n L L  Y 1 1  
P O L L Y  1 2  
P n L L Y  1 3  
PnLL Y 14 
POLLY 1 5  
POLLY 1 6  
POLLY 1 7  
POLLY 1 8  
POLLY 19 
POLLY 2 0  
POLLY 2 1  
POLLY 2 2  
POLLY ? 3 
P n i c y  it 
P n L L Y  24 
P n L i y  ? 5  
P n u Y  2 6  
POLLY 2 8  
POLLY 3 0  
PQLL Y 2 7 
POLLY 2 9 
POLLY 3 1  
POLLY 37 
POLLY 3 3  
POLLY 34 
PDLL Y 3 5 
POLL Y 3 6 
POLLY 3 7  
POLLY 3 8  
POLL Y 3 9 
P f l L L Y  41 
POLLY 42 
POLLY 44 
POLLY 45 
POLLY 46 
POLLY 48 
POLLY 49 
POLLY 50 
POLL Y 5 1 
POLLY 5 2  
POLLY 53 
POLLY 54 
POLLY 5 5 
POLLY 4 0  
POLLY 43 
P m L Y  47 
89 
-. 
SO I TFR=I TER+1 
I F ( 2 5 0 - I  T E R )  3 1 0 9 3 7 9 3 7  
I F  (DTEST-DFLSQ) 34 934 9 11 0 1 C O  
D O  1 1 5  K X 3 r N P 1  
115 R ( K )  = A (  K)-P*R(K-11-(3*9( K-2) 
Gn i n  45 
c I TERATI '3N HAS CCKVERGED 
L A  ST =N 
G t l  TP 110 
C FACTQR O U T  OlJADRATI C 
1 4 0  NBAHxNBAR-2 
N R P l  =NBAR+l 
4 fiA Rn FAm i ~ ~ ~ ~ A % i T ~  ) 
00 150 K r 3  I N R P l  
C NORMAL1 ZE QUADRATIC --  _ _  
2 i O  P=ARAR(ZT/ABAR( l )  
C SOLVE NORMAL1 ZED QLJADRATIC- 
2 50 c1=-72,-- 
I POLLY 5 6  
POLLY 5 7  
POLL Y 5 8 
POLLY 5 9 
POLLY 60 
Pf lLLY 61  
POLLY 62  
POLLY 63 
POLLY 64 
POLLY 6 5  
POLLY 66 
POLLY 6 7  
POLLY 6 8  
POLLY 69 
POLLY 70  
POLLY 7 1 
POLLY 72  
POLLY 73 
POLL Y 74 
POLLY 75  
POLLY 76 
- .. POLLY 77 
P n u Y  7 8  
POLLY 7 9  
POLLY 8 0  
POLLY 8 I 
POLLY 82 
POLLY 83 
POLLY 84 
POLLY 85 
POLLY 86 
POLLY 8 7  
POLLY 88  
POL_LY 89  
POLLY 90 
POLLY 91 
POLLY 92 
POLLY 93  
POLLY 94 
_- C l=DSORT ( C  1 I __ -__ - - - - - - - __ - - POLLY 9 5  
A N ( 1  I I + l ) = R l  - - _ _  POLLY 9 9  
h N ( l I I + Z ) = C 2  POLLY 100 
I 11=111+4 
2 9 0  RZ=Rl  POLLY 96 
POLLY 97 
=c 1 POLLY 98  
290 - C2=-C1 F; iTtrr ----- -- - 
POLL Y l O l  
P o L L Y l m -  - 
IFl NBAR-11 4 9200 915 - P O L L Y 1 0 3  
.- __--- ---- - A N ( I I I + 3 ) = R Z  
C S P n A L - - [ m N U m m J S  POLL Y 1 04 
310 WRITE ( 6 9 6 0 0 )  POLL vi05 
6B6 F U R . T 7 T % ~ W F R C E W €  -IN 7TU YTERATtONS , PlllLLY HhS S P 9 K f N )  P O L L Y 1 0 6  
P O L L Y 1 0 7  
P[nX Yl-b 8 -- ._-___--- 
4 CONTINUE --- 
END 
90 
S W R C U T I  NF SF-TI-T(LCO*M*NVrRES r X * Y  *UC* PRESSrGRA3r D E L T ( 0 1  St'( T H E l A  * V I  SETUP 1 
1 SC r MTRAY) SFTUP 2 
C SETUP 3 
C SURROUTIhE F3R C4LCULAT lCN OF 80UNCARY LAYER TH lC<YFSSr  S tTUP 4 
C G 1 SPLAC EME YT- T H I  C-cVTS k!=f@hfU~--T%fCKNESS ANn FD9Y V I SCnS I TY 5 r T U P  5 
C S F l U ?  6 
D I W h S I  1N X I 3 0 0 )  r Y ( l O 9 )  r U C I l O O r 3 1 r V l S C (  1 0 0 1 2 ) r G R P D (  1 0 3 )  SETUP 7 
RTR=SORT (REI31 SETlJP 9 
NY = NV + 2 SETUP 9 I UEDGE = .995*UC ( h Y  r 11 SETUP 10 
D O  10  N = l r N V  SETUP 11 
I F  (UEDGE-UC ( ' 1 + 1 r l )  1 41 941110 SFTUP 1 2  
4 1  NOELT = N SETUP 13 
-. - - - - ._ - -_ 
GO T r  2 0  SETUP 14 
1 0  COYTINUE SFTUP 1 5  
2 0  D E L 1  = Y (NDELT) + IUEOGE-UC (NOEL1 9 1) )*I Y t N D E L T + l )  -Y (  NDFLT ) I / (  )C (NDELSt  TUP 16 
l - r + l r l l - u € 7 K D m * ~ - - -  -__-  - - SETUP 1 7  
SUM = 0. SETUP 1 8  
OC 50  N=2rNY SETUP 19 
SETUP 2 0  
D I S P  = (Y(NY)-,S*SU*/UC-(NYrlI ) / R T R  SETUP 2 1  
SETUP 2 2  
U E D E  - U C ( N Y ~ l )  SETUP :> 
DO 6 C  N = 2 r N Y  SETUP 2 4  
60 SUM = SUFfGTVTV-Y(N -V (-TUEI)CE-U c I N * 1 I 1 *UC( N I 1 +( u EDGE - uc ( v- I i I SETUP 2 : 
5 0  SUM = SUM+ ( Y I N )  -Y  IN-1)  ) * (UC(  N e 1  )+UC(N- l r  1) 1 
- SUM = 0. 
SETUP 2 6  
SETUP 2 7  
SFTUP 2R 
SETUP 2 9  
SETUP 3 0  
SETUP 3 1  
SETUP 32  
SETUP 3 3  
SETUP 3 4  
SETUP 3 5  
SFTUP 3 6  
SETUP 3 7  
SETUP 3R 
SFTUP 3 9  
SETUP 4 0  
SETUP 41  
SETUP 4 2  
SETUP 4 3  
SETUP 44 
SETUP 45 
SETUP 46 
SETUP 4 7  
SETUP 4 8  
SETUP 4 9  
SETUP 5 0  
SETUP 5 1  
91 
- 
1 6 C  CONTlNllE 
SAVE=l. 
DO 167 N%?*NV 
V I SC ( N v 1 1 = f V I  SC ( N +1 
R A Y  =VLSGN.G! - - 
1 I + R AV E+S-AV E )  / 3. 
1 6 2  SAVF=RAVE . __ . 
56  CONTINUE 
R E  TURN 
END 
.9 2 
SFTUP 5 6  
SETUP 5 7  
SETUP 5 8  
SETUP 5 9  
SETUP 6 0  
I SETUP 61  
SETUP 62 
SETUP 6 3  
01 ST=.5* ( X R S I G t Z  1 - X R S I G  (1  1 )  Y I X E R  7 
XSE P = X R  SI G 1 ) - D I  S T  Y I X F R  A 
X A T T = X R S I G  t N S I G - ) + n I  ST- Y I X T R  3 
c Y I X E R  1 3  
C I F  I N D T  1s N - N Z E R O r  THE B O U N D A R Y  CfiTR IS T U R R U L E V T  M I X E R  11 
C A T  S E P A R A T I O N .  M I X F R  1 2  
C M I X F R  1 3  
C A L L  H 4 X 4 1  I N ~ T T  X S F P  r OFL 1 rTHET 11 X A T T  r R E B r  U S E P r  X 3 r H3r X 4 r  H 4 )  Y I X F R  1 4  
I F  I X S F P - 1 .  I 2.4925~25-  Y I X C P .  1 5  
Y I X E 2  16 2 5  tP4-0 .  
G 0 -‘6F- M I X E R  1 7  
2 4  U R A T = E X P 1 - . 0 8 7 1 2 - U I l ~ H 4 ) - . 2 4 1 2 3 * (  . 3 2 5 5 + U I Z f H 4 ) 1  1 Y I X F R  1 8  
CP~=I.-( ~.LPKCO / ~ J R A T * * ~  M I X E R  19 
M I X E R  2 0  D E A D C t X A T T - X S E P  
I F  l D E A B L - Z . F 5 ( 6 , 6  M I X C 2  2 1  
Y I X F R  27  
G 6 T f l  7 M I X E R  ~3 
6 G-1. M I X E R  2 4  
7 C P4=P R E ~ 4 ~ i % ~ i i ~ z ~ ~ E  P i  Y I X E R  f5 
M I X E R  2 6  
C O E F = ( P R E C - C P 4 l / ( X A T T - X 4 1  Y I X E R  2 7  
M I X E R  2 0  
- T F - Z . * U I N F  M I X E R  2 9  
Y I X F R  3 0  
sijc;r;o; - M I X E R  3 1  
- C OUN T=O __ . M I X E R  32 
X = X S S I G (  H1 M I X C W  33  
M I X E R  3 4  
2 T H E T A  = A R C T I  X) M I X E R  35 
T A N T  = S I N (  .5*THFT4) /COS ( . 5 * T H E T A I  M I X E K  3 6  
M I X E R  3 7  tr= - c z * ( i  .-COS [ T Y  n m 7  
M I X E R  3 8  DO 10 N = l r N F  
T . C t J N l = C n U N T  + I .  M I X E R  39 
A NGLE=C O U N T * T H E T  A M I X E R  4 0  
suR=SUM+ TY I GK t N1 * ( L l  * L m L t  1 +CZ*- S T N I l i N G L E l - C 7 5 I 4 N G L Y I  X E R  41 
Y I X E R  42 
M I X E R  4 3  
M I X E R  44 
M I X E R  45 
M I X E R  46 
M I X E R  4 7  
R F = S O R T (  ( X - l . ) / ( K + l - 1 )  M I X E R  48 
SuA=TAI t K I 1 1 *XRXD* I LL *I R F - 1 0 I -C L *I 1 . --.5wR A m 7 -  M I X E R  49 
M I X E R  5 0  
mUNT=1.  M I X E R  5 1  
F R A D = X R A D  
M I X E R  5 2  
F R 4  O=F R 4D*  X R A D  M I X F R  54  
30 - P ( C + r ; R A D s ( ( ; Z * [  -1-= __- -- M I X F R  55 
I . -  
.____ _ . __ 
- - - __ __ 
-_ . . 5 G = 1 * 5 * D E A D L 1 * * 2  
2 7  C O N T I N U E  - _______ 
____ _ _  C Z = 2  o * U D O T  / U I  NF 
DO 20  H = l r N S I G  __ - 
__ - _- -_ -. I F ( X - 1 . 1  2 t 2 r 3  
--.  
. .  . 
- 
__ . ___ - - 1 € ) ) 1  -nM= SUM-. 5 +C Z*T H I  CK ( 1 ) 
- - __ . - G O  T O  35 
3 t T = C Z * I l  . - X I  
l = C Z * l X  1.1 
_ _ _  _ _ _  X R A D = 1  / ( X+ S Q R T  ( X*X-1  1 - __ - 
- - 
+1. M I X E R  5 3  
. . 
00 30 N=2*NF 
-~ - . . . 
93 
-- 
3 5  C P = C P 4  
5 0  
I F ( X-X4) 5 5 $50  +5 0 
C P=C P t  I X - X I  J *COEF 
E ND 
94 
M I X F R  5 6  
M I X E R  5 7  
Y I X E R  5 8  
Y I X i R  5 9  
M I X E R  60  
M I X F R  6 1  
M I X E R  6 2  
M I X E R  6 3  
1 
2 
3 
4 
5 
h 
7 
!J 
-1 
1 tJ 
1 1  
1 2  
13 
1 4  
1 5  
1 b 
1 7  
L A  
19 
7 0  
7 1  
2 2  
2 1  
2 4  
25 
2 6  
7 7  
20 
2 9  
3 0  
3 1  
32 
33 
3 4  
3 5  
3 6  
3 7  
38 
3 9  
40 
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 9  
5 0  
4 0  
95 
96 
Y S E T  1 
Y S E T  2 
Y S F T  3 
Y S E T  4 
Y S E T  5 
YSET 6 
Y S F T  7 
Y S F T  8 
Y S E T  9 
SURROIJTI NE t i 4 x 4 (  I NDT r X 1  O E L l 9  THET 1 9 x 5  r RERvU 1 9  X7 9 H39 X49 H 4  1 t i4X4 
C U Q L F ( H ~ = 2 6 ~ 7 0 3 / H + 3 0 5 . 3 3 + A L O G o - 2 l l l o 3 * H + 3 3 2 7 ~  R*I i *H-24J3.3+ i * + 3  H4X4 
FDELT(  X) = E  XPI20  5 773 -o34252*X-0437Q*X*X-o0765 l l * X * * 3 - . 0 0  3973  7*X* *4 )  H4X4 
F 4 1T.P { X 1 =E XP (-3 7 4 8  1 + 0 3 3 8 7 7 2 * X + 0 4  1967*X*X + e 0 7  10 46*X**3+ J03 2 162*  Y*H4X4 - - - - - - 
l e 4 1  H4X4 
LO F C R M A T ( / / ~ O X I ~ ~ H A  S f lLUTICN Ff lR  X 4  CWLO NOT 9E 3 9 T A I N E f I  I Y  1 0 3 0  TKH4X't 
1 I A L S l  h4X' t  
YflUT =h t i 4 x 4  
C H4X4 
C A T  S E P A R E T I i i Q r -  H4X4 
C IF I N D T  IS N7NZEROt THF ROUNOARY LAYFR -_ IS - TURRULFUT H4X4 
C 
2 
5 
t 5  
2 0  
95 . - ._ 
4 1  
- 3 2  
4 3  
. .  
D I  ST=XS-Xl _ _  - 
UNDE RsO. 
COEF2=10,5*DEL3*H3 - 
f lVE R=H4 - - ----  
K L T € F F = T - m l - 2  * ( 1 -FrI46- 2T7 ir4 
S U B G m m L F  H 3 1 
H4=. 5* I tl4+ UNO€ R 1 
X4=C UR LF ( 4 4  1 *C flE F 1 +SUR 
1 
2 
3 
4 
5 
6 
7 
9 
1 0  
11 
n 
t i 4 x 4  1 2  
H4X4 1 3  
H4X4 1 4  
H4X4 1 5  
H4X4 1 6  
H4X4 1 7  
H4X4 1 8  
H4X4 1 9  
H4X4 2 0  
t i 4 x 4  2 1  
H4X4 2 2  
H4X4 2; 
H4X4 2 4  
H4X4 2 5  
H4X4 26 
H4X4 2 7  
H4X4 2 8  
H4X4 2 9  
H4X4 3 0  
H4X4 3 1  
H4X4 3 2  
H 4 X 4  3 3  
H 4 X 4  3 4  
H4X4 3 5  
H4X4 3 6  
H4X4 3 7  
H4X4 3 8  
H4X4 3 9  
H4X4 40 
H4X4 4 1  
H4X4 4 2  
H4X4 4 3  
H4X4 44 
H 4 X 4  4 5  
H4X4 4 6  
H4X4 4 7  
H4X4 4 8  
H4X4 4 9  
H 4 X 4  50 
H 4 X 4  5 1  
H4X4 5 2  
H 4 X 4  5 3  
H4X4 5 4  
H4X4 5 5  
5 ARG=ARG+ANGLE 
RF TURN 
FlVO -.- _ _  
S E T S X  1 
S F T S X  2 
S F T S X  3 
S E T S X  4 
S E T S X  5 
S E T S X  6 
S F T S X  7 
S E T S X  R 
S E T S X  9 
S E T S X  10  
98 
2 IF(X+*99999) 3t-414- - - -  
3 ARC T=P I 
ARCT 1 
A R C 1  2 
ARCT 3 
A R C 1  4 
4 H t T  5 
4 R C T  6 
ARCT 7 
AHCT 9 
4 R C T  9 
ARCT 10 
ARCT 11 
ARCT 12  
4 R C T  1 3  
A R C 1  14  
99 

2 
3 
4 
5 
6 
7 
10 
F U N C T I n Y  F R ( X m 2 v X 3 r Y )  
01 = l  . / (  x 2 - X l )  
0211 / ( X 3 - X 2 )  
T3=AR S ( Y-X3 I 
E Ps11.E-6 
I F  I T I - €  PSI 
F 1=0. 
2 !3 r 3  
F 3 = A L O G I l 3 1  
F-7- + T R - ) * ( X Z  - Y  I *F 2 +TVzx3 f *F3*02 
EhT-- - 
3 141 5 9 
RE TURN - -. -
FR 1 
FY 2 
FR 3 
FR G 
F Q  5 
F(! h 
F H  7 
F R  8 
F O  9 
F R  1 0  
F R  11 
FR 1 2  
F R  1 3  
FR 14 
FB 1 5  
F O  1 6  
F R  1 7  
FR 1 8  
FR 19 
FB 2 0  
F R  2 1  
FR 2 2  
F 8  
FR 2 4  
FR 2' 
101 
. . ... 
E G A Y I  1 
E G A M I  2 
E G A M I  3 
E G A M I  4 
E G A M I  5 
E G 4 M I  6 
E G A M I  7 
1 Y )  * S I N T *  SI NT E G A M I  1 2  
I F I Y - X A T T )  8 ~ 8 ~ 7  E G A M I  1 3  
DIFF=l.yXATT- - E G A M I  1 4  
I F  I D I F F - 1  .E-6) 8*A-*9 E G A M I  15  
G I = G I t 2 . * B * D I F F * * ( - 1 . 5 )  *SQRTt  __ I X I T T - X S F P ) * l l o - Y ) * ( Y - X A T T )  .  1 E G A Y I  16 
C0N-T I NUE E G A M I  1 7  
RETURN - _ _ _ _  E G A M I  18 
E NO E G A M I  19 
- 
102 
103 
G 0  1 
GR 2 
GR 3 
GR 4 
GB 5 
F U N C T I f  'J 4 B I N T ( A * f l i X )  
ARGA=4H S ( X - A I  
A K G S = A O S ( X - R I  
C f E C = 2 . * ( H - A )  
A P l = A +  1 
rj P 1  =R+ 1. 
I F  (ARGA-1.E-6)  2 9 ' 3 ~ 3  
2 t A = O .  
GO T O  5 
1 C A = A L O G I A R G A J  
I F I A R G R - l . F ~ 6 ~ ~  4;5r5 
4 CR=O.  
GO T C  6 
5 C R = A L O G ( A R G R I  
6 A H  I N  T= (C A-• 5 I * A  RCA* *2-( C W . 5  J *ARGS**Z- 
1 B P  1 ) -. 5 1 *RP1**2-CrlEF*( X - R ) *  I CB- 1. )+RP - - - - - --- -- . .  
AB I hl T=AB I NT/CflEF 
RE TURN 
F ND 
A R  I V T  1 
A R I V T  2 
A 9 I h T  3 
A R I Y T  4 
4 0 I ' v T  5 
A R I h T  6 
A R I N T  7 
A P I U T  FI 
A B I Y T  2 
A i 3 I N T  1 0  
A Q I N T  1 1  
4 R S U T  1 2  
A H I V T  1 3  
4 R I \ I T  1 4  
* * 2 + ( 4 L W  A H l l r l T  1 5  
A H I V T  1 6  
A B I W T  1 7  
A R I N T  1 8  
4 6 1 h T  1 9  
105 
2 
3 
4 
5 
5 0  
B I N 1  1 
B I N T  2 
r j I N T  3 
R I N T  4 
R I Y T  5 
B I N 1  6 
B I N 1  7 
B I N 1  8 
B I N 1  9 
R I N T  10 
B I N 1  11 
R I N T  1 2  
B I N 1  13 
8 1 N T  1 4  
B I N T  1 5  
B I N 1  16 
B I N 1  17 
B I N 1  1 8  
4 
5 
6 
7 
8 
9 
10 
. .  . 
SURRI1UTI NE SCXCISSL rNdRL r FRZ 9 ARR. RCRR 1 
I ) I Y E N S I O N  SRL13001 
DE L Z *F R Z *ROO R 
E N=ARR/F R X  
GO T(! 6 
CCNTI NU€ 
hGYl=NG-1 _ _  - 
SBL( l ) = O .  
0 0  7 NsZgNF 
S R C t  N J  = S k  f N-1) +C&L- 
RxF R AC T** l 1  /FL.OAT,f __ NGM1 J 1 
SA VS =R 
SCAL 1 
SCAL 2 
SCAL 3 
SCAL 4 
SCAL 5 
SCAL h 
SCAL 7 
SCAL A 
SCAL 9 
SCAL 10 
SCAL 11 
SCAL 1 2  
SCAL 1 3  
SCAL 14 
SCAL 1 5  
SCAL 16 
SCAL 17 
SCAL 1 R  
SCAL 19 
SCAL 2 0  
SCAL 2 1  
SCAL 22 
SCAL E3 
SCAL 21) 
SCAL 25  
SCAL 26 
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2 
3 
4 
5 
6 
10 
11 
1 2  
1 3  
1 4  
. iV 
16 
SLRROUTINE 
tl I MF NSI 'IN 
I F  { X I - .  0001 1 
TERFF ( X I  9 J p T A B l , l A 9 2 ~  T A R 3 9  TAR49 X I T A H *  FP I 
T A R 1  (24 I g TAB2 ( 24 1 9 T A R 3  ( 24)  9 T A64( 2 4  I 9  X I T 4 R  ( 2 4 )  
2 92 910 
GC TP ( 3 9 4 2 5 a I  9.J- - - . 
FP=2.53-2.439*4Lf'G( X I  I 
GO TC 99 
Ff'=3.54- l o 7 2 S * h L t l G (  707 1 * X I )  
GO TO 99 
F P ~ 4 o 5 R - 1 . 2 1 9 5 * A L n G ~ o 5 * X f )  
GC TP 99 - 
F P=10 .12  
GO TC 99 
DO 1 2  N = l r 2 4  
I F  t X I - X I T A !  (N)) 
NX=N 
11 *11!12 
__ GO TO 13 - - -  
CONTINUE 
T XI ( X I  - X  I T A R  ~ t N X - 1 1 )  _.. 1 4 X I  T AB (NX 1-X I T  AR( NX-1) 1 
T X l = l o - T X  
- .  ._ ____. --- G O  TO 99 
F P = T X l * T A R 2 ( N X - l 1 + T X * T A 8 2 ( N X )  
-
G n  TO 99 
- 
- - - - 
F P = ~  *TART( NX-1 + T ~ A  83  ( Nx i TERPF 2 5  
GO TO 99 TERPF 2 6  
1 7 -  -FP=TXl *TAR4(NX-L1+~*TAB4(NX)  TERPF 2 7  
TERPF 2 8  9 9  CONTINUE -- - -  
TERPF 3 0  
TERPF 2 9  RE TURN 
E NO __ -. ._ - - . - 
TEHPF 1 
TERPF 2 
TERPF 3 
TERPF 4 
TERPF 5 
TERPF 6 
TERPF 7 
TERPF 8 
TERPF 9 
TERPF 10 
TERPF 11 
TERPF 1 2  
TERPF 13 
TERPF 14 
TERPF 15  
TERPF 1 6  
TERPF 17  
TERPF 1 R  
TERPF 19 
TERPF 2 0  
TERPF 2 1  
TERPF 2 2  
TERPF 2 3  
TERPF 2 4  
S U R R n U T I  NE 
D I M E N S I n N  S S C ( 5 0 )  p S S i  ( 5 0 )  
CrrST = Z . * X X  - 1. 
C C S T S  = cos1++2 _ _  
I F  (c  t-sf3-i.-S;k-i- 3-5T,3iX.304-- 
FVm NYF r X X *  SSCISST,  C C S ~ T T 0 r C C Y ~ T T Y )  
304 TANT S Q R T ( l . / C O S T S  - 1.) 
THF = A T A N I T A N T )  
GO T f l  305  
303 THF = 1.5708 
403 THF = 3.14159 - THE 
404 ARG = 0 .  
3C5 I F ' I C O S T )  403r404r404  -- - 
SUM1 = 0. 
. .  SUM2 = 0. 
n0 5 5 1  Y = l v N N F  
E V A L  1 
E V I L  Z 
E V A L  3 
E V I L  4 
F V A L  5 
€ V A L  6 
E V A L  7 
F V A L  9 
F V A L  9 
F V A L  1 0  
F V I L  11 
F V A l  1.2 
E V A L  1 3  
E V A L  1 4  
EVAL 1 5  
E V A L  1 6  
EVAL 1 7  
E V A L  1 8  
EVAL 19 
E V A L  2 0  
E V A 1  2 1  
t V A L  7 7  
I 
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s L;BR o UT I NF FIXN t ,D x , C)RC, F I N D) 
01 ME NSI ON ORD 5 0  I 
1 I10 
i 
C INTFGRATION-OF NS + 1 EQUALLY SPACFO ~ R O I V A T E  V A L U E S  
C RJ SIM_PSON'S--RIJLE. NS--MUST RE EVEN 
SUM = 0. 
SIMP 1 
SIMP 2 
SIMP 3 
SIMP 4 
S I M P  5 
SIMP 6 
S I P P  7 
SIMP 8 
SIMP 9 
SIMP 10 
sEc T S U P Q C U T  I NE SECT ( X'Jt YIJ 8x1- t Y L t  Y O F F  t NFt RCOPCI  T Y  AX, C Y l X  9 51,  Sf 1 
5ET T 
SECT 
XLlf 3 0 )  r Y l J  ( 3 0 )  r X L ( 3 0 ) r Y L 1 3 0 )  , Y U C (  '30) r Y L t (  3G ) * S T (  24) t St ( 7 4 S F C T  
S € C  T 
1 2  F O R M h T (  / / / / 4 7 X t ? S H I V P U T  AND C O M P J T E D  D F F S F T S / )  SECT 
F O R  V A T  ( 1 9 X  9 4 H X l  / C  t 12 X * 4 H Y I J / C  t 11 X t S H Y U C / C  t 2 3 X  t 4 Y X  l / C  t 1 2 X  , 4YYL /C t 1 1 X  SEC T 
S F C T  
14 F f l R U 4 T ~ 3 X , 3 F 1 6 . 5 t ~ ~ t 3 F 1 6 0 5 1  S F C T  
N A = 6  _ _  . - S F C T  
R N A = 6 .  S F C T  
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'-)AT4 T A 9 1  / 2 4 . 9 ~ , ? ~ . 2 9 r 2 1 . 0 4 r 1 9 . 3 3 1 1 7 . 6 1 ,  15.799 13 .461 11 e549 13.3hp3KEATT 5 
t o o /  RFAT 1 G 
D A T A  TA52 7 
R E  A T 1  0 
9 
1 7 * 5 9 * 7 . 0 1 ~ 6 . 4 1  r 5 . 7 T , 5 . 1 3 r 4 . 5 ~ 3 . 3 1 ~ 2 . 2 8 r l . 4 A 1 . 9 (  e511 o C 9 v  e 0 1 9  R F A T T  1 9  
SURROUTI  YE R E K T T  ( ~ J C  , v 9 x  T~ - Y X  UY RY,DRY x 5 *  D E L S ,  M S T ,  R ~ 8 )  
9 V ( 1 0 0 9 2 1 9 Y ( 1 10 1 
1 38 t 8.35 97.3216.? )95.3194.493 e 5  7 12.229 1. Zht  - 6 6 9  m 3 1 9  l ' tr  e 0 1 9  
/ 2 0 . 0 5  ~ 1 8  - 5  9 1 7 -  25 9 15.049 1 4  . A i  13- 129 1 1  7 7 9  10. 39 9 . 3 3 9 P .  65RF A T  T 
1 9 7 . 9 5 9 7 - 2 1 6 . 4 3 9 5 - 5 6  94.9 1 4 - 1 8  9 2.391 1.869 10 1 1 9  e62 9 - 3 2  t - 3 4 9  0.9 1 e /  
D A T A  TAS3 / 1  6 - 6 5  915 e 8 r 1 4 . 6 7 9  13.8 9 12.9 1 9 1 1 .  hhr  13 -659  5.49 9 0.7 1 9  0. I 1  9 R E A T T  
O A T A  TAR4 /IO. lT9 l f ~ . O 5 ~ 9 . 9 3 ~ 9 . 7 R ~ 9 . 5 8 ~  9. L7*8.7?* 8.U8r7.617. ?*6.85,REATT 11 
1 6 - 5 3  96.189 5 -  79 9 5 . 3 6  14.9 1 9  3 e98 9 3 . 0 5 ~ 2  2 1 9  1 e 5 9  - 9 5  9 - 2 2  1 - 3 3  9 0. / R E A T T  1 2  
1069.  071 .  08t .G9* .  11. 1 2 * . 1 4 * . 1 6 * .  189 e29 . 2 S r  39.35/ * E A T 1  1 4  
FORMAT( / / / 4 0 % 9 2 3 H A T  REATTACHMENT? RFTA = E 1 3 0 5 1  R E A T T  1 5  
RFATT 1 6  MOUT=h 
R T R = S C R T  t S F R - r -  R E A T T  1 7  
IJC I 1 9 7  1 =O. R E A T T  1 8  
U t  (1  9 3 1  =o. A E A T T  1 9  
v (  1 T 1) =o. RFATT 2 0  
v (1 92)  =o. R E A T T  2 1  
.- . R E A T T  2 2  
I F 7 X5L X T M 4 4 j T 9 T  - -- --  R E A T T  2; 
R E A T T  2 4  M S T = M + Z  
GO TO 6 REATT 2 5  
C ON1 I NU€ R E A T T  2 6  
X A = X  (PST-2 )  R E A T T  2 7  
X B = X  ( M S T - I  1 __ - 4EATT 2 8  
0 6 = I J n M S T  - 2 9 1 )  RFATT 2 9  
UR=UE ( M S T - 1  11) REATT 3 0  
LA=ALOG 1 UA*DEL3*REB i REATT 3 1  
PGRAD=2. * (  UA-UBI / ( (UA*!JR) * ( X R - X  A )  1 RFATT 3 2  
R E t Y Z = ( .  0976;3aRY73ELT*PGRAD) I / (  .0249+.004565*1 A )  RFATT 3 3  
RFATT 3 4  
R E A T T  3 5  bvTq2=L.- 
G O  i n  i o  R E A T T  3 6  
f F T R F T W z ; 3 I  %;PrIO 4EATT 3 7  
R E T M Z = -  3 R E A T T  3 8  
BFTA 3. m W T L l  REATT 39 
R E A T T  40 
A G A M -  R E A 1 1  41  
WRI TE ( MOlJT 93)  . 09 rwLmTZ-.0249/ E T X  
SGAM=. 0 0 4 5 6 5 / B E  T A  R E A T T  4 2  
AH=l.-T5.3+3.9+ ~ P I . O 9 7 4 - ~ 0 2 4 9 * R E T M 2  I REATT 4 3  
BH=RETM2 * ( 5 03+3 9*B ET Y2 1 * - 0 0 4 5 6 5  R E A T T  4 4  
G A P ( A - = A m - m -  -- - -- REATT 4 5  
DER1 V x U ~ * R F R * E X P ( - Z A ) * C A M A * G A M 4 * (  L . + B E T  A*(  l .+AY+RH*ZAI  1 / (AH*SH+Bq*REAT T 46 
I i A J  R E A 1 1  4 7  
ZR=ZA+DERI V*(XB-XA) REATT 4 8  
R E A T T  4 9  DELA=€XPTZBI TTrm+KI%l 
G AMR =AG A M- RG AM* Z R R E A T T  5 0  
DELL=.  3 5 * D R l F R T K ~ f f Z  / GAM3 REATT 5 1  
REATT 5 2  
REATT 53 
CALL  Y S € T ( R Y * Y ( Z )  rNY9Y) REATT 5 4  
QEATT 55 ~~ 
DATA X I  T A B  / e 3 0 0 1  9.0032 9 - 0 0 0 5 9  -30 1 9  .002, - 0 0 5 ~ .  11 9 021 - 5  3 9  -0 i v  -0 59. R E  A T  T 1 3  
- 
nr 5 M = ~ . M X  
_.  
I f  ( R F T M Z - 1 . )  8,797 
._ - . - -  
RFT4 
- - -- - . - 
- - _  I F t D E L L - Y t N Y - 3 )  1 1 4 1 1 2 1 1 2  - - A Y = R  Y+ u K Y  
121. 
14 
1 0 1  
1 c 2  
1 C3 
104 
1 1 0  
5 0  
1 6  
1 7  
O E L T A r D E  .. L5 - 
UEDGE=UA 
E FC 0 =G / B E T M2 . - - - NLAM=NV- 
R E A T T  56 
R E A T T  5 7  
R E A T T  5 8  
R E A T T  5 9  
R E A T T  60 
R E A T T  6 1  
R E A T T  62  
R E A T T  63  
H E A T 1  64 
R E A 1 1  65  
R F A T T  66 
R E A 1 1  6 7  
R E A T T  68  
R E A T T  6 9  
R € A T T  70 
R E A T T  71 
R E A T T  72 
R E A T T  7 3  
R E A T T  74 
R E A T T  75 
R F A T T  76  
R E A T T  77 
R E A T T  78  
R E A T T  79 
R E A T T  8 0  
R E A T T  8 1  
R E A T T  82 
R E A T T  83 
R E A T T  84 
R E A T T  85 
R E A T T  86 
R E A T T  8 7  
R E A T T  8 8  
R E A T T  89  
R E A T T  91 
R E A T T  92 
R E A T T  93 
R E A l T  94 
R E A T T  95  
R E A T T  96 
- -. . I 
R E A T T  90 
- 
R E A T T  BI 
R E A T T  9 8  
R E A T T  99 
R E A T T l O O  
R E A T T l O l  
R E A 1 1 1 0 3  
R E A 1 1 1 0 4  
R E A T T l O 5  
R E  A T  1106 
RE-AT 1162 
RFTURN __  - 
F KD 
R E A T T l l l  
R E  A T T l 1 2  
R E A 7  T113 
R E A T T 1 1 4  
R E A T T 1 1 5  
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SUBRnUTINE E S ~ - ~ ~ ( A L P H ~ ~ ~ L P H ~ ~ E M I ~ T @ R F I T H E T Z ~ U I ~ S F ~ ~ ) X I ~ C Y P A ~ C Y P A S )  E L P I  T 1 
S TF P=TOSF*DX I E L P I T  3 
S I N S = S I  !J!_SI!rn -. __ . - . F L P I T  4 
C C;SS=COS I STEP) E L P I T  5 
CONS T=2 *E MI *( U I  hSF/ T O W  1 **2 E L P I T  6 
ALPHl=TYETZ+(ALPHl-THETZ 1 *COSS+ALPHZ*S I N S / T O R F + C n V S T * (  2 .*CYPA-CMPAELPI T 7 
E L P I T  8 
ALPH2=ALPH2*C9SS-TORF*SI NS*(SAJET-THETZ I + C O N S T * ( C Y P ~ - C Y P ~ S ) * (  l . -COELPI T 9 
E L P I T  10 
RE TURN F L P I  T 11 
€ NO E L P I T  1 2  
SAVCT=ALPHl E L P I T  2 
l S ) *  1.-C OS S )  +CflNST* (CHPAS-CMP A)  *( S INS -STEP*COSS ) / (  TOHF* DX I I 
1 S S! / D X I  + CO-NS!_*C M P S* __ T CRF - __ * S I NS - - 
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5 
10 
VWASY 1 
VWASH 2 
V Y A S H  3 
VWAFH 4 
VWASH 5 
VWASH 6 
VW4SH 7 
VWASH 8 
VWASH 9 
VWASti 10 
VWASH 11  
,125 
1 c 0  
1 1 0  
120 
1 3 3  
2 0  
--___ 
SLRRPUTINE WASHo(GIp9YGAM9TIYE9 4 L P H l 9  A L P H 2 r H E A V E ~ A R O T ~ F R E Q F I P H I H I H ~ U W A S l  1 
1 I NF 9 CA YS R ,  NF r V Z  I P 9 YDTR * I NOV 1 
D I PE AS1 ON XG AY ( 3 0 )  9 V Z I  P ( 30 ) 9 CAMP R ( 2 4  1 
NGP1 .-=-h?cnM+1.-- - - - - . 
ANGLF = FREQFrT IMF 
G O  TC, 1 1 0 0 9 1 2 0 J ?  I Y D V  
GO TO I 1 1 0 9 1 2 3 )  9w' lTR 
t CNS 1 S-AL PHZ*COS ( A NGLF 1 *V I N F  +HE A V  €*COS 
FACT =-4LPH2 *FREQF*S I N  ANGLE I *J I N F  
A NGL E+P ti I H +4L P ti l*U IV F 
FACT=-UI NF*ALPH2 
DO 1 0  M x l f N G P 1  
X = X G A M ( Y J  -. . - 
THETA = ARCT(X1 
cCUNT=O. 
C @UNT=CflUNT+ 1. 
SUM= SUJ4 C OUNT*C AMSR t NJ CCSJ-C OUNT *l HE1 A)  
I F t Y - 1 1  214 r 2  
-_ - SUM=O. 
00 2 0  N f l 9  NF---_ 
2 IF(NGP1-MI 3,493 - _ _  - _ _  - * .  . 
4 SUM = SUM + SUM 
GO L0-50~--- _ _  _. - 
_ -  -- C a T T  = X/SIN(THETAJ . - 
3 COUNT = 0. 
DO 3 0  N x l r N F  
___ - -. _ _ _ ~  CCUNT = Cf lUNTtTHETA . ___ _ - ___- 
30 SUM=SUM+COTT*CAH09( N) *S IN(COUNT1 
5 0  vr!P_(!!! * U t  NF*SUY+CONST+FACT *( AROT-X 1 
i o  CONTINUE 
RFTURN EN6 _ _  - . ._ 
WASI 2 
WASH 3 
WASi 4 
WASH 5 
WAS9 6 
WASI 7 
WASH 8 
W A S i  9 
d A S Y  10 
WASH 1: 
WAS4 1 2  
W A S 1  1 3  
WAS4 14 
W A S i  1 5  
W A S I  16 
WASH 1 7  
WASH 1 8  
WASH 1 9  
W A S I  2 0  
WAS4 2 1  
WASH 2 3  
WASH 2 4  
WASY 2 5  
WASH 26 
W A S I  2 7  
- WASi 2 8  
WASH 29  
WASH 3 0  
WASH 31 
WASH 3 2  
WASI 3 3  
.WASH 2 2  
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DETERMINATION OF COUPLING PARAMETERS 
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DETERMINATION OF COUPLING PARAMETERS 
The characteristic equation for the rotor blade is 
3 
k=O 
where 
BO 
B2 
B4 
B6 
- 2  2 
w~ T$e 
'ee 
- 2  - 2  
f 2  + 2 "6 ' P e T P e  + 2  "P M$e Tgje 
M P P  'ee 'M Mee 
' 2  M~ e 
M@P Mee 
128 
in which 
The characteristic equation f o r  the two-dimensional system 
is found to be 
k=O 
where 
2 - 2  2 
- "0 hb b l  - 2  D o  = f g  - ha al 
-2 D s  = 1 - c ~ ~  
in which 
129 
- - 2  4- i”p2 hb A 2  2 
c4 - ha A1 
c6 = ha A1 + hb A2 2 
where 
I 
1 - - 2  - 2  - 2  1 ) - B  0 6  
s2 
al - A 1  ( up 1 + rm 06 s2 
Equa t ing  DO& t o  B&, %/D6 t o  B2/B6 and D4/D6 t o  B4/B6 
ppovides t h r e e  r e l a t i o n s  i n  t h e  t h r e e  unknowns 
x ,  1s ,, and lS2. If a and b are e l imina . ted ,  t h e  - 
fo l low i ng e q u a t i o n  f o r  W is o b t a i n e d :  
130 
With some aFebra i c  manipulation, a polynomial o f  f o u r t h  
degree i n  T can be e x t r a c t e d  from t h a t  equat ion .  The va lue  
o f  x i s  taken  t o  be the  square root  o f  t h e  smallest p o s i t i v e  
r o o t  o f  t h a t  polynomial. The o r i g i n a 1 , e q u a t i o n s  are  then  
used t o  so lve  for a 1  and b l  , from which 1 s1 and are 
r e a d i l y  obta ined .  
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REFERENCES 
1. DuWaldt, F.; Gates, C . ;  and P i z i a l i ,  R.:  I n v e s t i g a t i o n  
of He l i cop te r  Rotor Blade F l u t t e r  and Flapwise Bending 
Response i n  Hovering. W A D C  Tech. Report 59-403, 
August 1959. 
2 .  Brooks,  G .  W.; and Baker, J .  E , :  An ExpwlmentaT 'In- 
v e s t i g a t l o n  of' t h e  E f f e c t s  of' Var loue  ParainrLeiw Iridli ld- 
i ng  T i p  Mach Number on t h e  F l u t t e r  o f  Some Model 
He l i cop te r  Rotor Blades.  NACA TN 4005, September 1958. 
3. Gates, C .  A . ;  P i z i a l i ,  R .  A . ;  and DuWaldt, F. A . :  Com- 
par i son  of T h e o r e t i c a l  and Experimental  F l u t t e r  Charac- 
t e r i s t i c s  for a Model Rotor i n  T r a n s l a t j o n a l  F l i g h t .  
J .  A m e r .  He l i cop te r  SOC. ,  V o l .  8, No. 2, A p r i l  1963, 
pp. 14-27. 
4 .  Liiva, J.; e t  a l i  TworpimensSQpq.3. Testa of Airfoi ls  
O s c i l l a t i n g  Near S ta l l - ,  
Apri l  1968. 
USAA-AB Tech, Report 68-13, 
5 ,  EriaBaon, L,j and Reding, J.: Dynamic Stall of Hell- 
aopter Blades, J, Am, Hel l aop te r  S O O , ~  V o l ,  17, No. I, 
January 1972, pp. 11-19, 
Blade 3 t a l 1 ,  
6, Tarmnlnz Fer  P r ~ d i ~ t I ~ ~  o f  C o n t r o l  Lctada Due t o  
9, Am, Hel taopter  Saa,,  Val, 17* No, 2, 
7, C r i m l ,  F , t  and Reeves, B. L.: A Method for Analyzing 
A p r i l  1972, PPI 33-46. 
Dynamic S t a l l  of He l i cop te r  Rotor Blades.  
May 1972. 
Dynamic S t a l l .  J.  Am. He l i cop te r  SOC., Vol. 17, No. 4, 
October 1972, pp. 36-45. 
NASA CR-2009, 
8. Johnson, W . ;  and Ham, N .  D.: On t h e  Mechanism o f  
9 .  S i s t o ,  F.: S t a l l  F l u t t e r  i n  Cascades.  J. Aero. S c i . ,  
V o l .  20, No. 9,  September 1953, pp. 598-604. 
10. Carta,  F. 0.; and Niebanck, C .  F.: Predict ion of Rotor 
I n s t a b i l i t y  a t  High Forward Speeds V o l .  111, S t a l l  
F l u t t e r  . USAAVLABS Tech. Report 66-1&, February 1969 . 
of Hel icopter  Blades Due t o  Stall. 
Vol. 3, No. 3, May-June 1966, pp. 218-224. 
11. Ham, N. D.; and Young, M. I.: Torsional  O s c i l l a t i o n  
J. A i r c r a f t ,  
12. Reeves, B. L.; and Lees, Le: Theory of Laminar Near 
Wake of Blunt Bodies in Hypersonic Flow. AIAA J., 
Vol. 3, No. 11, November 1965, pp. 2061-2074. 
13. Abbott, I. H.; and von Doenhoff, A. E.: Theory of 
14. Crimi, P.: Stability of Dynamic Systems with Periodic- 
Wing Sections. Dover, New York, 1959. 
ally Varying Parameters. 
October 1970, pp. 1760-1764 . AIAA J., Vol. 8, No. 10, 
15. Theodorsen, T.; and Garrick, I. E.: Mechanism of 
Flutter--A Theoretical and Experimental Investigation 
of the Flutter Problem. NACA TR 685, 1940. 
16. Gessow, A.; and Meyers, G.: The Aerodynamics of the 
Helicopter. Ungar, New York, 1967. 
W.S. GOVERNMENT PRINTING OFFICE: 1973-739-154/M 133 
